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ABSTRACT 
Physically active lifestyles have become increasingly rare in developed countries, while 
endurance and neuromuscular performance have declined and the prevalence of overweight 
among children and youth has increased in recent decades. Sedentary lifestyles may not only 
be associated with increased cardiometabolic risk but also less optimal circumstances for 
cognitive development and academic achievement, though the evidence is still limited. This 
thesis investigated the associations of physical activity, sedentary behavior, cardiorespiratory 
fitness, and motor performance with reading and arithmetic skills in children. The associations 
of adiposity with cardiorespiratory fitness and neuromuscular performance were also studied. 
This thesis is based on the data from the Physical Activity and Nutrition in Children 
(PANIC) Study and the First Steps Study and a review of earlier studies on the associations of 
cardiorespiratory fitness and motor performance with cognition and academic achievement. 
The PANIC Study is an ongoing exercise and diet intervention study in a population sample of 
children (N = 512 at baseline). The First Step Study was a longitudinal study following up the 
learning paths and motivation of a large sample of children (N = 2000) during their early 
school years (2006–2011). Physical activity, sedentary behavior, cardiorespiratory fitness, 
neuromuscular performance including motor performance and adiposity, were assessed in the 
PANIC Study in Grade 1 when the children were 6–8-years of age. Reading and arithmetic 
skills were assessed in the First Steps Study in Grades 1–3. Altogether 207 children 
participated in both studies. There were 167 to 186 participants in the original investigations of 
Study II and III. The study investigating the associations of adiposity with cardiorespiratory 
fitness and neuromuscular performance included 403 participants (Study IV). 
Poorer motor performance was associated with both poorer academic achievement and the 
prerequisites of learning such as working memory and executive control. Engaging in physical 
activities during recess and in sports was related to better academic achievement in children. 
Higher physical activity level, reading and writing for leisure, and computer use and 
videogame playing were associated with better academic achievement in boys but these 
associations were partly explained by motor performance, cardiorespiratory fitness and 
adiposity. In girls, physical activity was inversely associated with reading and arithmetic skills 
but these associations were attenuated after adjustment for adiposity. Higher adiposity was 
related to a lower neuromuscular performance in both boys and girls and cardiorespiratory 
fitness as expressed as maximal workload adjusted for lean body mass in boys. 
The results of this thesis suggest that poor motor performance and lack of physical activity 
worsen academic achievement, and that increased adiposity decrease physical performance.  
National Library of Medicine Classification: QT 260, QT 256, QT 250, WD 210, WS 105.5.M5 
Medical Subject Headings: Exercise; Leisure Activities; Motor Activity; Physical Fitness; Sports; Educational 
Status;  
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TIIVISTELMÄ 
Lasten liikunta on vähentynyt ja kestävyyskunto sekä neuromuskulaarinen suorituskyky ovat 
heikentyneet. Myös ylipaino on lisääntynyt kuluneiden vuosikymmenten aikana. Liikkumaton 
elämäntapa lisää riskiä moniin kroonisiin sairauksiin, mutta jo lapsilla se voi häiritä 
oppimiseen ja tarkkaavaisuuteen yhteydessä olevaa hermostollista kehitystä sekä toimintaa ja 
siten heikentää koulumenestystä. Tutkimusnäyttö on kuitenkin puutteellista. Tässä 
tutkimuksessa tarkasteltiin liikunnan ja fyysisesti passiivisen ajan, kestävyyskunnon ja 
motorisen suorituskyvyn yhteyksiä lukutaitoon ja matemaattiseen osaamiseen sekä tutkittiin 
kehon rasvakudoksen määrän yhteyksiä kestävyyskuntoon ja neuromuskulaariseen 
suorituskykyyn alakouluikäisillä lapsilla.  
Tämä väitöstutkimus perustuu Lasten liikunta ja ravitsemus- (PANIC) sekä Alkuportaat-
tutkimusten aineistoihin sekä edeltävään tutkimukseen perustuvaan kirjallisuuskatsaukseen. 
PANIC-tutkimus on edelleen jatkuva liikunta ja ravitsemus -interventiotutkimus 
väestöpohjaisessa lapsiotoksessa (N=512). Alkuportaat-seurannan ensimmäinen alakouluikään 
keskittyvä vaihe toteutettiin vuosina 2006–2011 suuressa väestöotoksessa (N=2000). Liikunta-
aktiivisuus ja fyysisesti passiivinen aika, kestävyyskunto, neuromuskulaarinen suorituskyky 
sisältäen motorisen suorituskyvyn ja rasvakudoksen määrä mitattiin PANIC-tutkimuksessa 
ensimmäisellä luokalla lasten ollessa 6–8-vuotiaita. Lukutaitoa ja matemaattista osaamista 
arvioitiin Alkuportaat-tutkimuksessa 1–3-luokilla. Yhteensä 207 lasta osallistui sekä PANIC- 
että Alkuportaat-tutkimukseen. Osatutkimuksiin osallistuneiden lasten määrä vaihteli välillä 
167–403.  
Heikompi motorinen suorituskyky oli yhteydessä heikompiin oppimistuloksiin sekä 
kognitiivisiin toimintoihin kuten työmuistiin ja inhibitioon. Välituntiliikunta sekä 
urheiluseuran harjoituksiin osallistuminen olivat yhteydessä parempiin oppimistuloksiin. 
Lisäksi pojilla runsaampi liikunta, lukeminen ja kirjoittaminen, sekä tietokoneen käyttö ja 
videopelien pelaaminen olivat yhteydessä parempiin oppimistuloksiin, mutta nämä yhteydet 
selittyivät osin motorisella suorituskyvyllä, kestävyyskunnolla ja rasvakudoksen määrällä. 
Tytöillä liikunta oli käänteisesti yhteydessä oppimistuloksiin, mutta nämä yhteydet selittyivät 
suurimmaksi osaksi rasvakudoksen määrällä. Rasvakudoksen määrä oli käänteisesti 
yhteydessä neuromuskulaariseen suorituskykyyn pojilla ja tytöillä sekä kestävyyskunnon 
mittarina käytettyyn rasvattomalla massalla vakioituun maksimityötehoon pojilla.  
Tulokset viittaavat siihen, että heikko motorinen suorituskyky ja vähäinen liikunta saattavat 
altistaa heikommille oppimistuloksille ja että liiallinen rasvakudoksen määrä heikentää 
neuromuskulaarista ja motorista suorituskykyä. 
Luokitus: QT 260, QT 256, QT 250, WD 210, WS 105.5.M5 
Yleinen Suomalainen asiasanasto: liikunta; fyysinen aktiivisuus; fyysinen kunto; opintomenestys; 
oppimistulokset; ylipaino; lapset; seurantatutkimus 
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1 Introduction  
 
“Mens sana in corpora sano – a sound mind in a healthy body” 
-Juvenalis 
 
“The running man” has been the gold standard phenotype of homo sapiens for thousands of 
years (1). Physical activity was an essential and universal part of our lifestyle no more than 100 
years ago, but the need for physical work has decreased dramatically since then. Changes in 
lifestyle have led to physical inactivity and the concomitant development of health problems 
causing economic losses (1). Physical inactivity causes 6–10% of major non-communicable 
diseases, such as coronary heart disease, type 2 diabetes mellitus and various cancers. Physical 
inactivity has also been estimated to cause about 9% of premature deaths (2). 
Less than half of children and adolescents undertake the recommended 60 minutes of 
moderate to vigorous physical activity daily (3,4). Moreover, levels of physically active 
commuting have declined over the years (5), whereas the use of electronic media and other 
modes of screen time have increased among children (3,6). The evidence also suggests that 
“the running man” is much more an exception than a rule among the children and adolescents 
of this millennium. Children and adolescents have poorer endurance performance than was 
true a few decades ago (7–9). Motor performance also shows declining trends in children and 
adolescents (10,11). Finally, the prevalence of overweight and obesity has increased 
substantially during the past three decades (11–13).  
Studies among animals suggest that physical inactivity worsens neural survival, synaptic 
plasticity, and learning and memory (1,14). Studies among humans suggest that physical 
inactivity and poor physical performance increase the risk of cognitive decline and dementia 
among older adults (15). There is also some evidence that physical inactivity is associated with 
impaired cognition in children (16). Physical inactivity may, therefore, have far-reaching 
effects on children´s lives in later years. If physical inactivity and poor physical performance 
are associated with less than optimal cognitive function and academic development, they may 
also be associated with poorer education levels leading to lower socioeconomic attainment and 
various physical and psychosocial problems. 
The objective of this doctoral thesis was to investigate the associations of physical activity, 
sedentary behavior, cardiorespiratory fitness and motor performance with reading and 
arithmetic skills and the relation of adiposity to cardiorespiratory fitness and neuromuscular 
performance in children.  
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2  Review of the Literature 
2.1 PHYSICAL ACTIVITY AMONG CHILDREN  
2.1.1 Definitions of physical activity  
Physical activity refers to any bodily movement that increases energy expenditure and can be 
roughly categorized as exercise and non-exercise physical activity (17). Exercise is planned and 
structured physical activity, such as sports, with an objective to improve physical 
performance, whereas non-exercise physical activity includes for example physically active 
transportation, physically active play and housekeeping chores (17). Total physical activity 
volume is the product of intensity, frequency and duration of a single session of physical 
activity (18). The intensity of physical activity can be divided into light, moderate and vigorous 
based on its energy demands (19); the intensities are usually expressed using metabolic 
equivalent (MET) values (19). MET is an indicator of energy expenditure, with one MET 
representing an energy cost when sitting at rest and corresponding to oxygen uptake of 
approximately 3.5 mL·kg-1·min-1 (20). However, conversion of resting metabolic rate to MET 
values may lead to 10–15% overestimation of the resting metabolic rate in adults (21), while 
children often expend more energy on a given task than adults so MET values underestimate 
energy expenditure among children (22). Based on adult data, Ainsworth et al. (19) consider    
< 3 METs as light intensity, 3–6 METs as moderate intensity and > 6 METs as vigorous 
intensity.  
Children are not considered endurance animals due to the features of their habitual physical 
activity (23). Children´s physical activity is often intermittent and includes short bouts of 
vigorous physical activity followed by periods of low intensity activity or rest (24). Moreover, 
the type of physical activity may also differ between boys and girls; boys tend to participate in 
physically active play, such as rough and tumble play and play fighting, whereas girls tend to 
engage in activities where the physical dimension is not emphasized (25).  
 
2.1.2 Assessment of physical activity  
Physical activity can be assessed using both subjective and objective methods (18). Most 
questionnaires used among children and adolescents assess specific types of physical activity 
and their duration and frequency (22).  The weakness of questionnaires is that it is difficult to 
recall past physical activity accurately and therefore questionnaires tend to over- or 
underestimate the duration and intensity of physical activity but questionnaires are able to 
categorize individuals in rank order according to their physical activity level (22,26). Young 
children can rarely accurately report their physical activity and therefore questionnaires 
administered by parents or teachers are used (22). However, estimating children´s physical 
activity is difficult for adults (18). Self-reports are also prone to desirability bias (18). 
Nevertheless, questionnaires can be used to assess long-term habitual physical activity easily 
and inexpensively (22). Objective methods, such as pedometers, accelerometers, heart rate 
monitoring and muscle activity measurements or combinations thereof, involve the 
measurement of physiological or biomechanical parameters during physical activity (18,27). 
Accelerometers have become the most commonly used method to assess habitual physical 
activity objectively in children and adolescents (22), but they assess only upright physical 
activity that induce acceleration of the body in one or more directions, such as running and 
3 
 
walking (22,28). Accelerometers do not assess physical activity that does not induce high 
accelerations such as bicycling or swimming, and do not assess postures, quality of movement, 
or the activity setting (22,28). Thus, although objective methods are useful in the assessment of 
physical activity, questionnaires are currently the only method to assess the wider range of 
physical activity, such as ball games and gymnastics, and the easiest way to assess the activity 
setting (18,22). With children, objective methods have the drawbacks that assessing physical 
activity alters physical activity levels (the Hawthorne effect), the epoch length set as short as 
possible because of the nature of children´s physical activity, and the relatively long (4–9 days) 
wear time of the device to provide accurate estimates (18).   
 
2.1.3 Levels of physical activity among children 
Dollman and colleagues (5) suggested that there is no evidence for the decline in total physical 
activity among children and youth during the past 40 years. Nevertheless, they found a 
consistent decline in physically active transportation during the past 30 to 40 years (5). Van der 
Ploeg et al. (29) showed a 25% decline in the prevalence of physically active school 
transportation and a threefold increase in motorized school transportation between 1971 and 
2003 among children 5–9 years of age.  
The physical activity recommendations for school-aged youth suggest that children and 
adolescents should accumulate at least 60 minutes of moderate-to-vigorous physical activity 
daily (30–32). These recommendations are mainly based on the data from self-reports. Using a 
data from self-reports, it has been found that 90% of Finnish boys and girls aged seven years 
and 30% of boys and 20% of girls aged 12 years achieve the recommended levels of moderate-
to-vigorous physical activity (33).  Recent accelerometer data from Canada and Finland 
suggest that 17–78% of children aged 6–19 years achieve the recommended amount of 
moderate-to-vigorous physical activity (3,34). However, these estimates were based on 
accelerometer measurements for three days, and the proportion of Canadian children 
accumulating at least 60 minutes of moderate-to-vigorous physical activity for six days a week 
was only 9% in boys and 4% in girls (3). Moreover, Verloigne et al. (35) investigated 
objectively-measured physical activity levels among 686 children aged 10–12 years from 
Switzerland, the Netherlands, Greece, Hungary and Belgium.  They found that girls and boys 
had on average 32 and 43 minutes of daily moderate-to-vigorous physical activity, 
respectively, and that 13% of girls and 17% of boys met the physical activity recommendations 
of at least 60 minutes of daily moderate-to-vigorous physical activity (35).  
Boys tend to be more physically active than girls (34,36,37). Väistö et al. (36) found in a 
population sample of Finnish children 6–8 years of age using data from a questionnaire 
administered by parents, that boys averaged 118 minutes and girls 104 minutes of total 
physical activity daily. In the Health Behaviour in School-Aged Children (HBSC) survey (37), 
38% of Finnish boys aged 11 years reported that they had at least one hour of moderate-to-
vigorous physical activity daily, whereas 25% of girls reported reaching the same threshold. 
Similar differences in physical activity levels between boys and girls were observable in most 
countries participating in the HBSC survey (37). Moreover, levels of physical activity decline 
with increasing age. Cross-sectional HBSC data show that the proportion of Finnish children 
reporting at least 60 minutes of daily moderate-to-vigorous physical activity decreases from 
25–38% to 10–17% between ages 11 and 15 years (37). Similarly, objectively-measured daily 
moderate-to-vigorous physical activity has been reported to decline gradually with increasing 
age; a cross-sectional comparison among Finnish children shows 25 minutes less moderate-to-
vigorous physical activity a day in Grade 7–8 students compared to Grade 1–2 students (34). 
Finally, a follow-up study among Swedish and Estonian youth showed a nearly 30 minute 
decline in daily moderate-to-vigorous physical activity during a 6–10 year follow-up (38).  
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2.2 SEDENTARY BEHAVIOR AMONG CHILDREN  
2.2.1 Definitions of sedentary behavior  
Sedentary behavior refers to “any waking behaviors, characterized by an energy expenditure less 
than 1.5 METs while in a sitting or reclining posture” (39). Relatively weak associations have been 
reported for sedentary behavior and daily moderate-to-vigorous physical activity suggesting 
that they are separate entities (39). Moreover, sedentary behavior should not be confused with 
light physical activity or insufficient physical activity (40). Having low-intensity physical 
activity is not the same as sedentary behavior, because accumulation of low-intensity bouts of 
physical activity during a day substantially increases energy expenditure (40). In addition, 
people engaging in 60 minutes of daily moderate-to-vigorous physical activity may be 
categorized as physically active although the rest of their day may be sedentary. Those 
without daily moderate-to-vigorous physical activity but engaging in low intensity physical 
activity, may be categorized as insufficiently physically active although their total energy 
expenditure are higher than those people categorized as physically active (40). The accurate 
definition and segregation of sedentary behavior and low-intensity physical activity is 
important because there is some evidence that low-intensity physical activity improves 
glucose metabolism and reduces the risk of developing obesity, whereas sedentary time has 
unfavorable metabolic effects (40). Finally, a number of physical activities performed by 
children, such as climbing and balancing, that improve motor skills are often classified as low-
intensity physical activities (41). 
 
2.2.2 Assessment of sedentary behavior  
Most commonly, sedentary behavior has been assessed using questionnaires that addressed 
primarily the time spent in screen-based sedentary behavior such as watching TV or using a 
computer (42). Moreover, accelerometers have been used to assess total sedentary time (42). A 
cut-off point of < 100 counts per minute has been used to define sedentary time in children and 
adolescents (42). The use of questionnaires in conjunction with objective measures of sedentary 
behavior may have additional value because different types of sedentary behavior may be 
differently related to various outcome measures such as cardiometabolic risk factors (36), 
adiposity, or mental health (43). 
 
2.2.3 Levels of sedentary behavior among children 
There is insufficient data on the secular trends of sedentary behavior in children (5). 
Nevertheless, there is some evidence that occupational and housework energy expenditure 
have declined remarkably from 1960 to 2000 due to a substantial increase in sedentary time in 
adults (44,45).  
Tremblay et al. (43) proposed that children and adolescents should not watch TV more than 
two hours per day to prevent unfavorable changes in body composition, cardiometabolic 
health and mental health. A recent Finnish study (36) reported that time spent in screen-based 
sedentary behavior averaged 1.7 hours per day in 6- to 8-year-old boys and girls. In addition, 
5–80% of 7–15-year old Finnish children and adolescents reported that they had at least two 
hours screen-based sedentary behavior per day (33,37). Other studies using accelerometer data 
suggest that Finnish primary school children in Grades 1–2 spend five hours per day being 
sedentary (34) and 6- to 10-year-old Canadian children have seven hours of sedentary behavior 
daily (3).  
Sedentary time appears to increase with age, though there are no differences in the 
proportions of children and adolescents reporting at least two hours TV watching per day 
between ages 11 and 15 (37). Nevertheless, based on accelerometer measurements, Colley et al. 
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(3) reported approximately a two-hour increase in daily sedentary time from the ages of 6–10 
years to the ages of 15–19 years. Similarly, Tammelin and colleagues (34) found a three-hour 
increase in daily sedentary time from Grades 1–2 to Grades 7–8. Ortega et al. (38) showed a 
three-hour increase in objectively-measured sedentary time from the age of 9 to the age of 15 
years in their 6–10 year follow-up. However, they also found that sedentary time did not 
increase substantially between 15 and 25 years of age.  
 
 
2.3 CARDIORESPIRATORY FITNESS AMONG CHILDREN  
2.3.1 Definition of cardiorespiratory fitness  
Cardiorespiratory fitness is defined as the capacity of the cardiopulmonary and vascular 
systems to deliver oxygen to the exercising skeletal muscles, and the oxidative mechanisms of 
those muscles to utilize oxygen in energy generation (46,47). Maximal oxygen consumption 
(VO2max) is considered the gold standard for measuring cardiorespiratory fitness (47). Oxygen 
consumption (VO2) is a product of cardiac output (i.e. heart rate x stroke volume) and arterio-
venous oxygen difference (47). VO2 increases along with exercise intensity until reaching a 
plateau, which is used as the criterion of achieving VO2max in adults (47). However, the plateau 
of VO2 is rarely seen in children (48,49). Among children, therefore, the highest achieved or 
peak VO2 (VO2peak) observed during a maximal exercise test until voluntary exhaustion can be 
used as the measure of maximal cardiorespiratory capacity (47,48,50). Children who achieve 
the plateau of VO2 have not been reported to have higher VO2, minute ventilation, respiratory 
exchange ratio, or blood lactate levels than children who do not reach the VO2 plateau (50).  
 
2.3.2 Assessment of cardiorespiratory fitness  
VO2peak is assessed using either treadmill or cycle ergometer in the laboratory during an 
incremental exercise test until volitional exhaustion (46). However, in many epidemiological 
studies cardiorespiratory fitness has been assessed using field tests, such as the distance run 
test or the 20-meter endurance shuttle run test (51–54). VO2peak has been shown to explain at 
most half of distance run and the endurance shuttle run test performance suggesting that 
physical performance in those tests has a relatively low dependence on cardiorespiratory 
capacity (7,55). For example, running efficiency, anaerobic capacity, VO2 kinetics, maximal 
running speed, environmental conditions, test familiarization, attention spans, motor 
performance, self-efficacy, motivation, and adiposity have all been shown to influence 
performance in field tests (7,49,55). Therefore, it has been suggested that performance results 
in field tests should not be termed cardiorespiratory fitness but rather endurance fitness or 
endurance performance (23). Moreover, body mass and stature are directly related to VO2peak in 
children and adolescents (49,56). Therefore, VO2peak scaled by body mass is used to control for 
body size and is expressed as mL·kg-1·min-1. However, this traditional method of expressing 
VO2peak or VO2max is problematic, because it involves adiposity (56–58) and thus reflects not 
only cardiorespiratory fitness but also adiposity. Log-linear scaling of VO2peak or VO2max has 
been proposed to solve problems related to scaling by body weight (48). More recently, VO2peak 
or VO2max divided by lean body mass, assessed by magnetic resonance imaging, dual-energy X-
ray absorptiometry (DXA), or bioelectrical impedance, has been suggested as the gold 
standard for measuring cardiorespiratory fitness, because the amount of lean body mass 
resembles that of the skeletal muscle that is the metabolically-active tissue during exercise 
(23,58).  
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2.3.3 Levels of cardiorespiratory fitness among children 
Endurance performance in field tests has declined all over the world, including Finland, 
among children and adolescents (7,8). For example, 13- to 18-year-old Finnish adolescent 
showed a poorer endurance performance in 2001 than in 1976 (9). Moreover, male Finnish 20 
year-olds ran over 300 meters less in a 12-minute running test in 2004 than their counterparts 
in 1979 (59). Nevertheless, there is no evidence that children´s VO2peak would have declined in 
the period spanning from 1930 to 2000 (55,60). In conjunction with decreased endurance 
performance, the prevalence of overweight and obesity has increased markedly among  
children and adolescents (13,61–63). Moreover, adiposity has been shown to account for 15–
45% of variance in endurance performance in field tests, while change in adiposity has been 
found to account for 30–60% of change in endurance performance in field tests over several 
decades (64). However, the residual variance remains unexplained. The remaining variability 
may be due to decreased motor performance, psychosocial factors, or children’s unfamiliarity 
to vigorous endurance exercise (64).  
In children and adolescents, cardiorespiratory fitness has been observed to improve 
approximately 5% in response to vigorous physical exercise (65) but it remains largely affected 
by genetic factors, growth and maturation (66). VO2peak (L/min-1) increases nearly linearly with 
age during childhood and shows a plateau in at around age 14 in girls and at around age 16 in 
boys (49). This increase in VO2peak (L/min-1) is attributable to growth of the heart, lungs, and 
skeletal muscle mass (23). Moreover, boys tend to have 12% higher VO2peak (L/min-1) than girls 
at the age of 10 years (48). Among 16-year-olds, boys already have 37% higher VO2peak (L/min-1) 
than girls (48).  VO2peak scaled by body mass remains fairly stable in boys across the age range 8 
to 16 years whereas it declines gradually after age of eight among girls (49). The higher VO2peak 
among boys than girls may be due to differences in body composition, hemoglobin 
concentration, maximal stroke volume and arterio-venous oxygen difference (48).  
 
 
2.4 NEUROMUSCULAR PERFORMANCE AMONG CHILDREN  
2.4.1 Definitions of neuromuscular performance  
Neuromuscular performance refers to coordinated activity of skeletal muscle under the control 
of the nervous system (67). Neuromuscular performance can be broadly defined as an ability 
to carry out the activities of daily living in a controlled manner and without excessive fatigue 
(20). Neuromuscular performance can be divided into muscular endurance, muscular strength 
and motor performance (17,20). Muscular endurance refers to the ability of skeletal muscles to 
overcome external force for many repetitions under a submaximal load. Muscular strength 
refers to the maximal amount of force that skeletal muscle can generate (17). Motor 
performance includes a number of fundamental movement skills and attributes such as agility, 
balance, speed and coordination (17). Motor performance can also be divided into movement 
skills such as agility, hopping, galloping and running, and to object-control skills such as 
manual dexterity, throwing and kicking (68). Motor performance creates a basis for more 
complex and sport-specific movements (68). Motor performance does not develop 
automatically but needs to be rehearsed and practiced (68–70). Neuromuscular, especially 
motor, performance is an important determinant of physical activity engagement (71), and 
practicing motor performance has been proposed as the main goal of physical activity in 
children under ten years of age (30).  
 
 
 
7 
 
2.4.2 Assessment of neuromuscular performance  
Muscular strength and endurance can be assessed using dynamometer or force-plate 
laboratory tests and functional neuromuscular field tests (72). Commonly used field tests for 
muscle strength, such as the standing long jump (73), are not only tests for explosive strength 
of the lower limbs but also for motor performance. Motor performance can be assessed using a 
specific test for a specific component of motor performance. However, a number of tests, such 
as agility running tests, also include other components of motor performance such as speed, 
coordination and balance. There are at least two possible ways to analyze motor performance 
tests. The more common is to use the product of movement, such as running time, to measure 
motor performance, though it is also possible to investigate the quality of movement, or how 
specific movements are performed. 
 
2.4.3 Levels of neuromuscular performance among children 
Some evidence suggests negative secular trends from 1980 to 2006 in speed and agility, 
flexibility, dynamic trunk strength and upper body strength, but a positive secular trend in 
explosive lower limb strength among children and adolescents (10). Tomkinson and Olds (55) 
found a slight improvement in speed and power test performance from 1958 to 2003.  
The development of neuromuscular performance begins in utero and muscular strength and 
motor performance improve gradually with increasing age (74,75). Muscle strength increases 
nearly linearly from early childhood until reaching a plateau at the onset of puberty in boys 
and at the end of the puberty in girls (75). Moreover, peak strength velocity has been shown to 
be highest a year after peak height velocity showing the importance of maturation in the 
development of muscle strength (75). The increase in muscle strength has been linked to neural 
and somatic maturation, increased circulating testosterone and growth hormone 
concentrations, which increase lean body mass particularly in boys reaching puberty (75). 
There are no significant sex differences in muscle strength before the age of 14 years, but after 
that, males outperform females in muscle strength tests (75). The reason for the evolving 
differences at the age of 14 years has been linked to the timing of peak height velocity. Peak 
height velocity occurs at the age of 8–14 years in girls and at the age of 10–16 in boys. Because 
of advanced maturation in girls compared to boys, girls experience also peak strength velocity 
earlier than boys.  
The improvement in motor performance with increasing age is partly due to neural 
maturation (66,74), but even children 14 months old learn to adapt their locomotion for 
changing terrain (66,74). Basic movements such as grasping, turning, crawling and other forms 
of locomotion evolve during infancy and by two years of age the child can perform basic 
jumping and running (66,74). At the age of 6–7 years, all fundamental skills can be performed 
in rudimentary fashion (66,74). Finally, boys tend to have better motor performance in tests 
involving throwing, running and jumping whereas girls outperform boys in balance, flexibility 
and fine motor skill tests (66,74).  
 
 
2.5 ADIPOSITY AMONG CHILDREN  
2.5.1 Definitions of adiposity  
Adiposity is defined as an accumulation of extra adipose tissue and is often defined as the 
proportion of adipose tissue in body mass or body fat percentage (76). Fat deposits are found 
in subcutaneous adipose tissue, around and in internal organs, and between and within 
skeletal muscle fibers (76). 
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2.5.2 Assessment of adiposity  
Because of the costs and special requirements of the assessment of body fat percentage, 
indirect methods for body fat assessment have often been used. For example, body mass index 
(BMI) is a widely-used surrogate measure of adiposity in conjunction with cut-off points for 
underweight, normal weight, overweight and obesity (77,78).  
Adiposity can be assessed using anthropometrics, such as BMI, waist and hip 
circumferences, skinfold thicknesses and hydrodensitometry, plethysmography, and more 
recently by bioimpedance analysis, DXA, and magnetic resonance imaging (72,79). BMI is 
calculated as body weight in kg divided by stature in m2. BMI and the cut-off points for 
underweight, normal weight, overweight, and obesity (77,80) are the most commonly used 
parameters of adiposity. However, BMI is far from optimal surrogate measure of body fatness 
(76). Especially in children BMI is not sensitive to body fat because it includes not only fat 
mass but also lean body mass (66,72,76). Among adults, BMI < 18.5 is considered as 
underweight, 18.5 to 24.9 normal weight, 25.0 to 29.9 overweight and ≥ 30 obesity (76). 
However, absolute BMI values are not used among children because changes in BMI during 
growth are normal; therefore age and sex-specific BMI-percentiles derived from nationally 
representative samples are commonly used (76,80). Because body fat distribution has been 
recognized as an important determinant of cardiometabolic health, waist circumference has 
been adopted to assess abdominal fatness. Abdominal adiposity has been  more strongly 
related to cardiometabolic risk than fat accumulated in hips or thighs among adults (72). 
Moreover, skinfold measurements have been used to estimate total body fat from 
subcutaneous fat using either three (chest, abdomen, thigh or chest, triceps, subscapular) or 
seven (chest, midaxillary, triceps, subscapular, abdomen, suprailiac, thigh)  measurement sites 
(72), although they have limited ability to estimate body fat percentage (72). Densitometry has 
been used as a gold standard for the assessment of adiposity; it is based on the estimation of 
whole-body density using the ratio of body mass to body volume (72). Bioimpedance analyses 
are based on the resistance to a small electrical current trough the body´s water pool (79); it has 
the advantages of being portable, low-cost and easy to use. Bioimpedance also has a relatively 
good agreement with DXA (79,81), which has been cited as a criterion reference method in the 
assessment of adiposity together with densitometry, although DXA has been reported to 
differentiate lean and fat tissue better than densitometry (72,76,78,79). DXA is based on the 
attenuation of two X-ray beams (76). Magnetic resonance imaging is one of the most accurate 
methods to assess body composition and is based on the interaction between protons present 
in all biological tissues and magnetic fields generated by the magnetic resonance imaging 
device (76,79). Magnetic resonance imaging can be used to quantify the distribution of adipose 
tissue into visceral, subcutaneous, and intramuscular fat depots (79). The disadvantages of 
DXA, hydrodensitometry and magnetic resonance imaging are their relatively high cost, 
limited applicability in routine assessments, and the need for qualified personnel (72,79).  
 
2.5.3 Prevalence of overweight among children 
Pediatric overweight and obesity have become a global burden (12,82). Approximately 30% of 
American children and adolescents are overweight (12,37). In Europe, the prevalence of 
overweight varies from approximately 10% in the Netherlands and Switzerland to 30–40% in 
Greece, Italy, and Spain (37,83). In Finland, it has been estimated that 10% of boys and 18% of 
girls aged 5 years and 20% of children aged 7–13 years are overweight or obese (33,63). 
Moreover, a recent study in a population sample of Finnish children aged seven years reported 
that 11% of boys and 15% of girls were overweight or obese (84). The prevalence of overweight 
and obesity among 12-year-old boys and girls has been estimated to be 19–24% and 13–19%, 
respectively (13,63). The increase of the prevalence of overweight is caused by a sustained 
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imbalance between energy intake and energy expenditure. There is inconsistent evidence 
about what drives increased adiposity among children (85), though eating patterns have 
changed to favor increased body fatness such as skipping meals, a high consumption of low-
quality food, snacks, candy, and sugar-sweetened beverages (84). The increased time spent in 
sedentary behavior, particularly when it is screen-based, has also been linked to increased 
levels of adiposity in children (86). Moreover, physical activity behavior has been suggested to 
be at least as important determinant of weight gain as dietary factors (85). In addition to 
physical activity, sedentary behavior and dietary factors, poor sleeping patterns, poor prenatal 
growth environment and psychosocial stress may have contributed to increased fatness (87).  
 
 
2.6 COGNITION AND ACADEMIC ACHIEVEMENT AMONG CHILDREN  
2.6.1 Definitions of cognition and academic achievement  
Cognition refers to neural processes that support the flexible use of information to execute 
goal-directed behavior (88). Executive functions, which are an essential part of cognition, are 
particularly important in everyday life; they are essential for controlling emotional impulses, 
self-control, remembering what happened in the past and solving everyday problems (89). 
Executive functions also predict academic achievement in children better than intelligence 
quotient (IQ) (90). Executive functions are defined as top-down mental processes needed for 
example for concentration and paying attention and inhibiting automatic responses when they 
are ill-advised (89). Executive functions include three core components: inhibition, working 
memory and mental flexibility (89).  It has been suggested that there are also higher-order 
executive functions, such as reasoning, that are built upon these three core components (89).  
Inhibitory control (inhibition) refers to the ability to control attention, behavior and 
emotions to override internal predispositions or external stimuli (89). Working memory refers 
to the ability to keep information in mind and to manipulate it (89). Working memory is 
distinct construct from short-term memory, which includes keeping information in mind 
without manipulating it (89). Mental flexibility is the ability to adjust to changing demands 
and changing one´s approach if an earlier approach was not successful (89). The core 
components of executive functions interact with each other (89). Academic achievement 
broadly refers to a child´s success and performance in school. 
 
2.6.2 Assessment of cognition and academic achievement  
There are any number of test batteries and single tests to assess different aspects of cognition 
(89,91–93). Common test batteries, such as the Wechsler Intelligence Scale for Children (WISC) 
(91) and the Developmental Neuropsychological Assessment (NEPSY) (92) include tests for 
different aspects of cognition including working memory, mental flexibility, attention, 
visuospatial performance, and language skills, along with the possibility of calculating total 
scores such as IQ. In this chapter, commonly used test to assess inhibitory control, working 
memory, mental flexibility, and higher order executive functions in children are reviewed. In 
addition to these tests, there are many other tests that can be used to assess executive functions 
in children.  
The Stroop task and the flanker task are commonly used to assess inhibitory control in 
children (89). In the Stroop task, the congruent trial that requires the child to read the word 
“green” printed in green does not require extensive amounts of inhibition.  In contrast, 
incongruent trials that require the child to read the word “green” printed in red require 
inhibition of the visual cue (i.e. name the color instead of reading the word) compared than the 
congruent trial (89). The flanker task requires the child to identify as quickly and accurately as 
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possible the direction of a centrally-positioned arrow amid either congruent (e.g. < < < < <) or 
incongruent (e.g. < < > > >) flanking conditions. The demands of inhibitory control can be 
further increased using incompatible response conditions. That is, the child is instructed to 
answer the opposite direction from the direction that the centrally presented arrow is pointing 
(89).  
The tests based on the self-pointing task and the n-back task are commonly used to assess 
working memory (89). In the self-pointing task, the child is asked to point at 3–12 items on the 
computer screen in any order. The screen is refreshed and the same items are relocated on the 
screen. Then the child is asked to point out the items in the same order; the test is based on the 
child´s encoding of item features, not locations (89). In the n-back task the assessor reads the 
names of items such as numbers, animals, or alphabets to the child in random order, and the 
child has to remember the item that was read 1–5 iterations previously (89). Working memory 
has been assessed using variations of the digit span and Corsi block tests, but Diamond (89) 
argues that they do not assess working memory because they do not involve manipulating 
information. 
Mental flexibility, meanwhile, can be assessed by using design fluency, semantic fluency, 
verbal fluency, task-switching and set-shifting tasks, among other tasks (89). These tests 
require creativity and flexibility to create new answers and solutions for the task at hand. The 
Wisconsin Card Sorting Test is one of the most commonly-used task-switching tests. The cards 
in the test can be sorted by color, number, or shape. In the task, the child has to deduce how 
the cards should be sorted and flexibly change the sorting criterion whenever needed (89).  
One example of higher-order executive function tests is Raven´s Coloured Progressive 
Matrices (93), which has been used to assess non-verbal reasoning. It calls on the ability to find 
similarities, differences, and discrete patterns and does not depend on acquired knowledge or 
language skills. Each test page includes a large item or pattern of items and six small items. 
The child is required to select the correct small item to complete the large item or set of items. 
Academic achievement can be measured by grade point averages or results on various 
achievement tests. In addition to plain academic knowledge, grade point averages usually 
contain information about class attendance or classroom behavior, whereas standardized tests 
rely on academic knowledge. Additionally, academic achievement can be assessed using 
specific tests to assess reading or arithmetic skills, such as reading speed, reading fluency, 
reading comprehension, and the ability to solve arithmetic problems.  
 
2.6.3 Development of cognition  
Executive functions improve with increasing age during childhood and adolescence, reaching 
their peak in early adulthood (89). For example, children under nine years of age show 
particular deficiencies in inhibition compared with older children and young adults (89,94). 
Even one-year-old children can manipulate information within working memory but the 
capacity to manipulate many items is lower than in older children (89). Moreover, some 
evidence suggests a U-shaped association between mental flexibility and age among 7- to 82-
year-old individuals (95). Mental flexibility improves gradually until age 20 years, stays 
relatively stable during adulthood, and begins to decline at age 60 (95).  
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2.7 PHYSICAL ACTIVITY, COGNITION, AND ACADEMIC ACHIEVEMENT 
AMONG CHILDREN 
Physical activity may improve the cognitive functions underlying academic achievement in 
children, though a meta-analysis of 44 studies showed that higher levels of physical activity 
had a weak association with better cognitive functions among children (96). Physical activity 
has been found to have pronounced effects on executive functions (97). Recently, a 
randomized controlled trial showed that overweight children who exercised 40 minutes five 
times a week for 13 weeks had better executive functions and mathematical performance than 
those who did not exercise (98). Hillman and associates (99–103) conducted a randomized 
controlled trial study called FITKids to investigate whether physical exercise improves 
cognitive functions in 9-year-old children. Children in the exercise group engaged in two-hour 
exercise lessons after every school day for nine months and children in the control group 
continued their normal after-school activities. Children in the exercise group showed 
improvements in working memory (99), inhibitory control (100,103), and mental flexibility 
(103) whereas such improvements were not observed among children in the control group. 
Children in the exercise group also had better eye-movement patterns during a relational 
memory task than children in the control group, indicating more efficient hippocampal 
encoding (102). However, the researchers found no differences on the relational memory test 
between the two groups of children (102). Nevertheless, eye-movement patterns have been 
found to predict hippocampal encoding even in the absence of behavioral improvements (104). 
Moreover, Castelli et al. (101) showed that children in the exercise group who had a mean 
heart rate above 80% of the maximal heart rate during the exercise sessions had better 
inhibitory control, task switching and visual attention than children in the exercise group who 
had a lower mean heart rate during the exercise sessions. 
The results of a recent systematic review suggested that physical activity has beneficial 
effects on academic achievement in children and adolescents (105). However, the results of the 
intervention studies were equivocal. For example, Ahamed and associates found no 
differences in academic achievement between children who participated in a classroom based 
exercise intervention for 16 months and children who followed the usual practice (106). 
Another study found no effect of a 14-week physical activity intervention on academic 
achievement in 10-year-old children (107). Similarly, one study found no clear and 
unambiguous effects of exercise on academic achievement during a two-year physical 
education intervention (108). However, Donnelly and associates (109) did find improved 
reading, spelling, and mathematical achievement among children who participated in 90 
minutes of physical activity per school week for three years. Moreover, the results of a nine-
year intervention study suggested that grade point average improved more among Swedish 
children and adolescents engaging in daily physical education than among their peers who 
engaged in only two weekly physical education lessons (110).  
Cross-sectional studies have also provided some evidence that higher levels of self-reported 
physical activity are associated with better academic achievement in children and adolescents 
(111–115). However, a recent study found no relationship between objectively measured 
physical activity and such achievement (116), though another showed that higher levels of 
objectively measured physical activity at the age of 11 were related to better academic 
achievement at ages of 11, 13, and 16. Syväoja and co-workers meanwhile, observed no 
association between objectively-measured physical activity and academic achievement in 12-
year-old Finnish children (117), but they did find that higher levels of self-reported physical 
activity were associated with better academic achievement in these children. The researchers 
speculated that physical activity derived from accelerometers and questionnaires represent 
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different contexts and entities that may be differentially associated with academic 
achievement. 
Although a meta-analysis showed that neither the type (i.e. sports, extracurricular exercise, 
unstructured physical activity) nor the mode (i.e. aerobic, coordinative, strength training) of 
physical activity has no effect on the gains in cognitive performance (96), some studies suggest 
that different types and modes of physical activity are more strongly associated with cognitive 
functions and academic achievement than others. Higher levels of physically active school 
transportation (112) and engagement in sports (113) have been linked to better cognitive 
functions independent of total physical activity. Moreover, Pesce and her colleagues (118) 
found that children improved their working memory after aerobic circuit training and team 
games, but that the improvement was larger after engagement in team games. Similarly, 
Budde and coworkers (119) showed that cognitive performance improved after acute exercise, 
but that coordinative exercise had a stronger effect on attention than conventional physical 
education. Thus, cognitively and motorically challenging activities may be more effective in 
improving cognitive performance than simple aerobic exercise of similar intensity.  
In summary, the available evidence suggests that higher levels of physical activity may be 
beneficial for cognition and academic achievement in children, but the results of earlier studies 
are far from unequivocal. Therefore, more studies on the associations of different types (recess, 
school transportation, sports) and different modes (coordinative vs. endurance vs. a 
combination of the two) of physical activity with cognition and academic achievement are 
clearly warranted. 
 
2.8 SEDENTARY BEHAVIOR, COGNITION, AND ACADEMIC ACHIEVEMENT 
AMONG CHILDREN 
Screen-based sedentary behavior has been especially linked to cognition and academic 
achievement in children (43), but the nature of these associations has varied from study to 
study. A longer time spent in video game playing has been associated with improved 
processing speed (120) whereas higher levels of objectively-measured sedentary time have 
been related to better sustained attention (121). However, higher levels of video game playing 
have also been linked to a poorer working memory in children (121). Moreover, children who 
spend a lot of time using computers have been reported to have worse mental flexibility than 
children with less computer use (121).  
Higher levels of TV watching may be detrimental to academic achievement in children and 
adolescents (43,122), but the evidence is not consistent (123). The results of studies suggest that 
educational TV programs enhance academic achievement, whereas non-educational content 
may have adverse effects on school performance in children and adolescents (124,125) and 
having a TV set in the bedroom has been linked to poorer academic achievement in children 
(123). Access to a home computer and a longer time spent using it may improve academic 
achievement (123) but a high amount of video game playing may worsen academic 
achievement in children (126). One study did find an inverse relationship between screen-
based sedentary time and academic achievement, but no association between objectively 
measured total sedentary time and academic achievement in Finnish children 12 years of age 
(117). 
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2.9 CARDIORESPIRATORY FITNESS, COGNITION, AND ACADEMIC 
ACHIEVEMENT AMONG CHILDREN 
High levels of cardiorespiratory fitness and endurance performance have been linked to better 
executive functions and academic achievement in children (127). A summary of these studies 
is provided in Table 1. These results are supported by an extensive literature that suggests that 
better cardiorespiratory fitness is not only associated with better cognitive functions at 
baseline but also preserved cognitive functions and brain structures during follow-up among 
older adults (15,128,129). However, almost all previous studies investigating the associations 
between cardiorespiratory fitness and academic achievement in children have used field 
fitness tests. Therefore, the evidence on the associations of VO2max with academic achievement 
is limited. Children with higher endurance performance, as assessed by the field tests, often 
have better motor performance and less adiposity than children with lower endurance 
performance (130). Moreover, both motor performance and adiposity are characteristics that 
have been linked to academic achievement in children (131–133). Most studies that have found 
that children with higher VO2max have better executive functions than children with lower 
VO2max have compared children falling into the top and bottom 30th percentile of VO2max (134–
136), thus ignoring the 40% between the two. The evidence from studies investigating the 
associations of cardiorespiratory fitness as a continuous variable with cognition have yielded 
equivocal results (137). Moreover, because previous studies have used fitness field tests or 
measures of cardiorespiratory fitness scaled by body mass, their results are partly confounded 
by motor performance, adiposity, and other factors. Thus, the question of any associations of 
cardiorespiratory fitness with cognition and academic achievement remains unresolved.  
 
 
2.10 NEUROMUSCULAR PERFORMANCE, COGNITION, AND ACADEMIC 
ACHIEVEMENT AMONG CHILDREN 
The results of a systematic review (138) suggested that there is inconsistent evidence on the 
associations of muscular strength and endurance with academic achievement in children and 
adolescents. Motor performance and cognitive development have been found to be tightly 
interrelated (139), a relationship that may have its origin in infancy, where more developed 
motor performance enables an infant to crawl, climb, and eventually walk, thus exploring and 
learning the world (140). As cognitive functions mature, they in turn enable more sophisticated 
use of motor performance (139,140). This two-way relationship increases interaction with other 
people and may therefore improve language skills and subsequent academic skills such as 
reading (140). Better motor performance is also associated with better academic achievement 
in children with learning difficulties (141). Motor performance, cardiorespiratory fitness and 
adiposity are interrelated (71,130) but there are no systematic evaluations of their independent 
associations with cognition and academic achievement among children.   
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Table 1. Associations of cardiorespiratory fitness with academic achievement 
Reference and 
country 
Participants Assessment of 
cardiorespiratory fitness 
Assessment of Academic 
Achievement 
Main Results 
Castelli et al., 
USA (142) 
259 children (9.5 years 
old, 51% boys) 
20m SRT ISAT: multiple choice and extended 
questions of reading and arithmetic 
Better 20m SRT performance was 
related to better reading and arithmetic 
achievement 
Coe et al., USA 
(143) 
312 children (6th–8 th 
grades, 12.1 years old, 
52% boys) 
20m SRT Grades (on a scale 1–5) in English, 
math, science, world studies; Terra 
Nova (reading/language arts, math, 
science and social studies). 
20m SRT performance was positively 
correlated with grades and Terra Nova 
scores 
Coe et al., USA 
(144) 
1,701 students from 
grades 3, 6, and 9 (47–
55% boys) 
20m SRT (except for Grade 3) MEAP (Michigan Merit Exam): math, 
English, social studies 
20m SRT was not related to academic 
achievement 
Davis et al., USA 
(145) 
170 overweight and 
sedentary children  (7–11 
years old, 44% boys) 
Modified Balke protocol until 
voluntary exhaustion, VO2peak 
(mL·kg-1·min-1) and exercise time 
on treadmill 
Cognitive assessment system: planning, 
attention, simultaneous, successive; 
Woodcock-Johnson III (broad reading 
and broad math) 
VO2peak and treadmill time were 
positively correlated with planning and 
attention and reading and math scores 
Dwyer et al., 
Australia (146) 
7,961 children          (7–
15 years old) 
Lean body mass proportional 
physical work capacity at heart 
rate of 170 and 1.6-km run (time) 
Representative (principal) reported 
school achievement (poor, below 
average, average, above average, 
excellent).  
CRF assessed by cycle ergometer was 
not associated with academic 
achievement; 1.6-km run time was 
inversely associated with academic 
achievement  
Eveland-Sayers 
et al., USA (147) 
134 children (8–11 years 
old,  54% boys) 
1-mile run (time)  Terra Nova, reading/language and 
mathematics 
1-mile run time was inversely 
associated with mathematics scores 
Kantomaa et al., 
Finland (148) 
8,061 children (8 years 
old at baseline, age at 
follow-up 15–16 years, 
51% boys) 
Submaximal cycle ergometer test 
at age 16 and estimated VO2peak 
(mL·kg-1·min-1) 
Grade point average  CRF was not associated with grade 
point average 
Kwak et al., 
Sweden (115) 
232 adolescents  (16 year 
old, 48% girls) 
Maximal cycle ergometer test and 
CRF was defined as maximal 
workload in Watts 
The sum of individual marks  CRF was positively associated with 
academic achievement in boys, but not 
in girls  
van der Niet et 
al., the 
Netherlands 
(149) 
243 children (7–12 years 
old, 55% boys) 
20m SRT Standardized achievement tests in 
reading, arithmetic and spelling 
Better 20m SRT performance was 
related to better reading, arithmetic 
and spelling achievement  
Pindus et al., 
England (150) 
1,977 children (9–11 
years old, 41% boys) 
Physical work capacity at a heart 
rate of 170 relative to body mass 
Total marks achieved in English and 
mathematics. 
Endurance performance was not 
associated with academic achievement 
Table 1 to be continued 
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Table 1 continues.  
20m SRT = 20 meter endurance shuttle run test; HF = higher fit; HFZ = healthy fitness zone; LF = lower fit; WRAT3 = Wide-range achievement test 
version 3.
Reference 
and country 
Participants Assessment of cardiorespiratory 
fitness 
Assessment of Academic 
Achievement 
Main Results 
Rauner et al., 
USA (151) 
11,743 children 
(from kindergarten 
to 8th grade, 51% 
boys) 
20m SRT, children were divided to those 
achieving and not achieving HFZ 
Nebraska state accountability for 
mathematics and reading (pass or 
not pass)  
Students who achieved HFZ were more likely 
to pass mathematics and reading tests than 
children not achieving HFZ 
Roberts et 
al., USA 
(152) 
1,989 students (5th, 
7th, 9th grade, 51% 
boys) 
1-mile run (continuous and achieving 
HFZ) 
California Achievement test v6 and 
California Standard test for 
reading/language and 
mathematics 
1-mile run time was inversely associated with 
academic achievement 
Scudder et 
al., USA 
(153) 
46 children (10 
years old, 48% 
boys) 
Indirect calorimetry using modified 
Balke protocol until voluntary 
exhaustion. VO2max (mL·kg
-1·min-1). 
Children divided into lower (<30th %) 
and higher fitness (>70th %) 
WRAT 3: reading, spelling and 
arithmetics; sentence processing 
task for congruent, semantic and 
syntactic sentences, event-related 
potential 
HF children had better reading and spelling 
achievement than LF children; HF children 
also had faster reaction times and response 
accuracy in all sentence processing 
conditions; LF children had a larger N400 
latency and a lower N400 amplitude 
Santiago et 
al. USA (154) 
155 children (9–13 
years old, 54% 
boys) 
20m SRT Reading and mathematics grades 20m SRT performance was positively 
associated with mathematics performance in 
girls; no associations of 20m SRT with 
academic achievement in boys 
van Dusen et 
al. , USA 
(155) 
254,743 children 
and adolescents 
(grades 3–11, 49% 
boys) 
20m SRT, 1-mile run (quintiles). Texas Assessment of Knowledge 
(reading and mathematics) 
Endurance performance was directly related to 
reading and mathematics achievement with 
stronger association in girls than boys 
Welk et al., 
USA (156) 
2,157 children and 
adolescents 
(Grades 3–12) 
20m SRT, 1-mile-run. Children were 
divided into achieving or not achieving 
HFZ 
Texas Assessment of Knowledge 
and Skill (% achieving standards) 
Endurance performance was positively 
associated with academic achievement. The 
association was weaker in elementary 
students than middle school students  
Wittberg et 
al., USA 
(157) 
1,725 children (5th–
7th grade, 50% 
boys) 
Baseline and follow-up two years later. 
20m SRT, 1-mile-run. Divided into 
achieving or not achieving HFZ 
WESTEST (mathematics, science, 
social studies, reading and 
language) 
Children who stayed in the HFZ had better 
academic achievement than students who 
were not in HFZ at baseline and follow-up.  
Wittberg et 
al., USA 
(158) 
1,740 children (9–
13 year old, 51% 
boys) 
20m SRT, 1-mile-run WESTEST (mathematics, science, 
social studies, reading and 
language) 
In boys, 1-mile run time was inversely 
correlated with academic achievement; in 
girls, 20m SRT performance was positively 
correlated with academic achievement  
15 
16 
 
2.11 MECHANISMS UNDERLYING THE ASSOCIATIONS OF PHYSICAL 
ACTIVITY AND PHYSICAL PERFORMANCE WITH COGNITION 
Most evidence for the mechanisms mediating the associations of physical activity, 
cardiorespiratory fitness, and neuromuscular performance with cognition has derived from 
animal studies or studies among older adults. In older adults, low levels of physical activity 
have been associated with a lower cerebrovascular reserve (159) and increased brain 
atrophy (160). However, these degenerative functional and structural brain changes are not 
plausible mechanisms in children undergoing rapid growth and maturation. Possible 
biological mechanisms for the associations of aerobic physical activity, cardiorespiratory 
fitness, and motor performance with cognition in children are summarized in Figure 1. 
Although resistance exercise may improve cognition, there are no studies on the biological 
mechanisms for the associations of resistance exercise with cognition among children (129). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Summary of factors mediating the associations of physical activity, cardiorespiratory 
fitness, and neuromuscular performance with cognition and academic achievement  
 
2.11.1 Mechanisms underlying the associations of aerobic exercise with cognition 
There are three candidate growth factors, namely brain-derived neurotropic factor (BDNF), 
insulin-like growth factor-1 (IGF-1), and vascular endothelial growth factor (VEGF) that 
have been linked to cognitive enhancement in response to aerobic exercise (161). Plasma 
and serum BDNF concentrations have been found to increase after acute aerobic exercise 
(162,163). Aerobic exercise training may also increase circulating BDNF concentrations 
(1,162,163). In contrast to the results of intervention studies, cross-sectional studies have 
shown inverse associations of aerobic physical activity with circulating BDNF 
concentrations (162). BDNF may improve neurogenesis, survival of newborn neurons, and 
learning and memory (1,164,165). Similarly, aerobic exercise has been found to increase 
circulating IGF-1 and VEGF concentrations (161,166). It has been suggested that exercise-
induced improvement in learning and memory is mediated by BDNF and IGF-1 whereas 
exercise-induced increases in IGF-1 and VEGF enhance angiogenesis and neurogenesis in 
17 
 
the hippocampus (161). IGF-1 has also been found to increase BDNF signaling after 
exercise, suggesting their interactive role (161). Moreover, blocking VEGF has been shown 
to inhibit exercise-induced neurogenesis (165). BDNF is also a strong candidate for 
mediating the associations of short-term aerobic exercise training with memory and 
hippocampal plasticity by activating signaling pathways related to synaptogenesis and by 
increasing concentration of synaptic proteins such as synapthophysin and synapsin 
(14,128,161,167). BDNF has also been observed to regulate long-term potentiation, 
neuroelectric correlate of learning and memory, in the hippocampus (15,161,168), and has 
been shown to increase neurotransmitter release (1,168).  
Aerobic exercise has been observed to increase angiogenesis in various brain structures 
such as the cerebellum and the hippocampus (128,169). Increased angiogenesis has been 
found to be regulated by IGF-1 and VEGF (128,169). Aerobic exercise has also been found to 
increase blood flow and blood volume in the dentate gyrus of the hippocampus and to 
improve hippocampus dependent learning (161,168); increased blood volume has been 
linked to increased neurogenesis in the dentate gyrus (168). In one study, aerobic exercise 
training increased hippocampal volume that was directly related to spatial working 
memory (168). Change in circulating BDNF was directly related to change in hippocampal 
volume in the intervention group but not in the control group (168). In addition, moderate 
intensity aerobic exercise for six months increased white and gray matter volumes in the 
frontal and temporal lobes in older adults (170). Some studies have also shown increased 
dendritic spine density in the hippocampus after aerobic exercise intervention (171). In 
addition, physical activity may improve functional connectivity between brain regions 
(172). 
Voss and colleagues (173) showed that a one-year aerobic training intervention did not 
alter white matter integrity, memory, or executive functioning in older adults. However, 
they showed that change in VO2max in response to the intervention was directly associated 
with white matter integrity in the intervention group, but not in the control group. Aerobic 
exercise training has also been associated with higher gray matter volume in frontal and 
temporal lobes including hippocampus in adults (172).  
Neuroelectric indices of neural functioning have been under extensive research in recent 
years. The event-related potential component P3 has relevance not only for cognitive 
functions but also for academic achievement (174). Hillman and associates (174) showed 
that larger P3 amplitude, which indicates the attentional resources allocated to the task at 
hand, during the go-nogo task was related to better academic achievement in children, 
suggesting that P3 may serve as a marker of academic readiness in children.  Additionally, 
acute and chronic aerobic exercise training have been associated with increased P3 
amplitude during cognitive tasks in children and adults (168). This phenomenon is 
especially apparent when cognitive demands are higher (175). Moreover, one study showed 
that neurocognitive and neuroelectric responses to acute exercise are particularly evident 
among children with poor baseline cognitive control (176). Acute moderate-intensity 
aerobic exercise has been observed to increase P3 amplitude, cognitive control and 
academic achievement among children with attention deficit hyperactivity disorder (177). 
Higher levels of physical activity have also been associated with reduced error-related 
negativity indicating enhanced top-down control of action monitoring (168).    
 
2.11.2 Mechanisms underlying the associations of coordinative exercise with cognition 
Relatively little is known about the functional and structural changes of the brain after 
coordinative exercise with cognitive parameters (172), though some evidence has been 
derived from studies among older adults and animals, and from motor learning studies 
(172). In diabetic rodents, housing in enriched environments that provide opportunities for 
motor training and play but no access to a running wheel, has been found to enhance cell 
proliferation and increase dendritic spine density and even vascularization in the dentate 
gyrus of the hippocampus (169,178). An enriched environment including ladders and 
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ropes, rearranged twice a week, increased angiogenesis in the frontal cortex and 
hippocampus in rats (179). In contrast, aerobic exercise has been found to increase capillary 
density and motor training has been found to increase the number of synapses (169). 
Moreover, performing skillful movements and motor learning both require the activation of 
the cerebellum, basal ganglia and dorsolateral prefrontal cortex, which are linked to 
executive functions and learning and may thus improve cognitive functions (97,139).  
Draganski et al. (180) showed an increased gray matter volume after a three-month 
juggling intervention whereas no changes were observed in the control group. Twelve-
month coordinative training designed to improve fine- and cross-motor coordination, but 
not cardiorespiratory fitness, was also found to improve flanker task performance 
accompanied by enhanced processing as quantified by functional magnetic resonance 
imaging (172). There is also some evidence that motor training increases functional 
connectivity and gray matter volume in frontal, temporal, occipital and parietal cortices 
(172) and increases circulating BDNF concentration (171). 
 
2.11.3 Mechanisms underlying the associations of combined aerobic and coordinative 
exercise with cognition 
Most intervention studies among children and adolescents investigating the effects of 
physical activity on cognition or academic achievement have used training protocols 
including aerobic, strength, and coordinative exercises including various games (98–
100,107). An eight-week soccer training study including aerobic and motor skill exercises 
increased P3 amplitude and shortened P3 latency and showed an improvement in the 
flanker task accuracy and reaction time (181). Similarly, a nine-month exercise intervention 
including aerobic and motor components improved neural activation measured using 
functional magnetic resonance imaging and neurocognitive performance in the flanker task 
among children (100). Moreover, a nine-month exercise intervention improved not only 
working memory but also cognitive preparation towards task indicated by a larger initial 
contingent negative variation, an event-related potential component linked to task 
preparation, among children (99). A recent study also showed improved white matter 
integrity after an eight-month physical activity intervention in children (182). 
Although aerobic exercise training has been found to increase cell proliferation in the 
hippocampus in rodents, the newborn cells will die without adequate learning 
opportunities (183,184), so an enriched environment is needed to improve the survival of 
those newborn cells in the hippocampus (183). Although it is clear that children´s physical 
activities are variable and multifaceted, there is limited evidence on the independent 
associations of cardiorespiratory fitness and motor performance with cognition and 
academic achievement in children. 
 
2.11.4 Mechanisms underlying the associations of cardiorespiratory fitness with 
cognition 
Children with better cardiorespiratory fitness have been found to have larger basal ganglia 
volumes, particularly dorsal striatum volumes, than children with poorer fitness (16). 
Subsequently, a larger dorsal striatum has been related to better inhibition among children 
as measured by the flanker task (16). One study among older adults showed that the 
association between cardiorespiratory fitness and task-switching performance was partially 
mediated by the volume of the caudate nucleus (185). Cardiorespiratory fitness was directly 
related to hippocampal volume that mediated the association between cardiorespiratory 
fitness and relational memory among children (135). Finally, higher cardiorespiratory 
fitness has been associated with enhanced neuroelectric cognitive processing during 
cognitive tasks in children (168). 
N-acetylaspartate, a marker of neural vitality, has been found to mediate the association 
between cardiorespiratory fitness and working memory among older adults (186). Gonzales 
et al. (187) found a direct association of cardiorespiratory fitness with N-
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acetylaspartate/creatine ratio in frontal and occipitoparietal gray matter in adults. 
Moreover, functional magnetic resonance imaging studies suggest that higher 
cardiorespiratory fitness is associated with more efficient activation of brain areas involved 
in cognitive control and action monitoring in older adults (168,188). Cardiorespiratory 
fitness has also been found to be inversely associated with circulating BDNF in adults (162). 
In children, lower white matter integrity has been linked to poorer cognitive control in the 
flanker task (189). Some evidence indicates that cardiorespiratory fitness is directly related 
to white matter integrity in older adults (190).  
Regardless of the impressive amount of literature concerning the associations of 
cardiorespiratory fitness with brain function, some confounding factors have not usually 
been considered. As noted above, the conventional scaling of VO2max using body mass is 
confounded by adiposity (23,49,57,58). For example, a higher BMI has been linked to lower 
gray matter volumes (191), white matter integrity (192), and N-acetylaspartate 
concentration (193) in adults. Metabolic syndrome which has been strongly and inversely 
associated with VO2max divided by body mass but not with VO2max adjusted for body fat and 
lean body mass (194), has been associated with poorer cognition, smaller hippocampal 
volumes, and lower white matter integrity among adolescents (195).  
 
2.11.5 Mechanisms underlying the associations of neuromuscular and motor 
performance with cognition 
Voelcker-Rehage and colleagues (196) found a direct association of motor performance with 
cognitive control, working memory and perceptual speed among older adults. Better motor 
performance was also associated with more efficient cognitive processing as determined by 
functional magnetic resonance imaging in the frontal, parietal, and occipital areas among 
older adults (196).  
 
2.11.6 Psychosocial factors underlying the associations of physical activity and physical 
performance with cognition 
The beneficial effects of physical activity on cognition and academic achievement among 
children may be partly explained by improved self-esteem, self-worth and self-efficacy 
(197). Physical activity may also improve cognitive and academic functions among children 
by improving psychosocial factors or even their lived experiences of the school atmosphere, 
for example by reducing teasing related to overweight (197). However, information on 
these issues is limited (197).  
 
2.11.7 Mechanisms linking sedentary behavior to cognition 
Evidence on mechanisms underlying the associations of sedentary behavior with cognition 
and academic achievement is limited. Video game playing has been found to increase gray 
matter volume in the hippocampus, prefrontal cortex and the cerebellum in young adults  
(198). Excess TV-watching is most commonly associated with impaired cognition and 
academic achievement (43), though the unfavorable effects of watching TV may be partly 
due to snacking at the same time. A high-fat diet has been observed to decrease circulating 
BDNF concentration and high-fat snacks may therefore impair cognitive performance (1). 
However, there is no direct evidence that the association between watching TV and 
cognition would be mediated by fat intake or other dietary factors. The time replacing 
hypothesis may also partly explain the relationship of TV watching to cognition and 
academic achievement. That is, time spend watching TV takes time from other activities 
that may support cognition and academic achievement such as reading or doing home-
work.  
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3 Aims of the Study 
The aims of this doctoral thesis were to provide new scientific information about the 
associations of physical activity, sedentary behavior, cardiorespiratory fitness, and motor 
performance with reading and arithmetic skills and about the relationships of adiposity to 
cardiorespiratory fitness and neuromuscular performance among children.  
The specific research questions were:  
 
1. What is the evidence for the associations of cardiorespiratory fitness and 
neuromuscular performance with cognition and academic achievement in 
children? (I) 
2. Are cardiorespiratory fitness and neuromuscular performance associated with 
reading and arithmetic skills in children? (II) 
3. Are physical activity, sedentary behavior and different types thereof related to 
reading and arithmetic skills in children? (III) 
4. Is adiposity associated with cardiorespiratory fitness and neuromuscular 
performance in children? (IV) 
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4 Study Populations and Methods 
4.1 STUDY POPULATIONS 
Data for the present analyses were derived from the Physical Activity and Nutrition in 
Children (PANIC) Study (84) and the First Steps Study (199), two independent studies that 
are being conducted simultaneously among primary school children in the City of Kuopio, 
Finland. The PANIC Study is a controlled physical activity and diet intervention study in a 
population sample of primary school children. Altogether 736 children 6–8 years of age 
who were in Grade 1 in 2007–2009 were invited to participate in the baseline examinations 
in that timeframe. Of the 736 invited children, 512 (264 boys, 248 girls) participated. The 
First Steps Study was a 5-year follow-up study conducted in 2006–2011 of a population-
based sample of 2000 children from four municipalities in different parts of Finland 
(including approximately 700 children from the City of Kuopio). Of these 700 children from 
the City of Kuopio, 207 (117 boys, 90 girls) participated simultaneously in both the PANIC 
Study and the First Steps Study.  
An exercise specialist or a nutritionist instructed the parents to fill out the PANIC 
questionnaires that included items on several topics, including physical activity, parent’s 
education, and parent’s stature. A physician, a research nurse, or a nutritionist of the 
PANIC study assessed stature and weight, pubertal status, cardiorespiratory fitness, and 
motor performance. A research nurse assessed body fat mass, body fat percentage, and lean 
mass at the Department of Clinical Physiology and Nuclear Medicine in Kuopio University 
Hospital. Trained university students with a bachelor’s degree assessed the reading and 
arithmetic skills and the risk of reading disability under supervision of a research 
coordinator in the First Steps study.  The characteristics of Studies I, II, III, and IV are 
presented in Table 2 and the characteristics of the participants in Studies II, III, and IV are 
presented in Table 3. 
 
Table 2. Characteristics of Studies I, II, III and IV 
Study Setting Explanatory variables Outcome variables 
I Narrative review of 23 
cross-sectional studies 
Cardiorespiratory fitness, motor 
performance 
Inhibition, memory, academic 
achievement 
II Prospective study in 99 
boys and 75 girls 
Cardiorespiratory fitness, speed 
and agility, static balance, 
manual dexterity, overall motor 
performance in Grade 1 
Reading fluency, reading 
comprehension and arithmetic skills 
in Grades 1, 2, and 3 
III Prospective study in 107 
boys and 79 girls 
Physical activity, sedentary 
behavior and their components 
in Grade 1 
Reading fluency, reading 
comprehension and arithmetic skills 
in Grades 1, 2, and 3 
IV Cross-sectional study in 
202 boys and 201 girls 
Body fat percentage in Grade 1 Cardiorespiratory fitness, speed and 
agility, maximal running speed, hand 
grip strength, abdominal strength and 
endurance, static balance, manual 
dexterity, hamstring and lower back 
flexibility in Grade 1 
 
The PANIC Study protocol was approved by the Research Ethics Committee of the 
Hospital District of Northern Savo, Kuopio, and the First Steps Study protocol was 
approved by the Research Ethics Committee of the University of Jyväskylä. All 
participating children and their parents provided written informed consent.
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Table 3. Characteristics of participants in Studies II, III and IV 
 Study II Study III Study IV 
 All Boys Girls All Boys Girls All Boys Girls 
N 174 99 75 186 107 79 403 202 201 
Age (years) 7.7 (0.4) 7.7 (0.4) 7.6 (0.3) 7.7 (0.4) 7.7 (0.4) 7.6 (0.3)* 7.6 (0.4) 7.6 (0.4) 7.6 (0.4) 
Stature (cm) 129 (6) 130 (6) 128 (5)    129 (6) 130 (6) 128 (6)** 
Weight (kg) 27.4 (5.4) 27.7 (5.6) 27.0 (5.1)    26.9 (5.1) 27.3 (5.1) 26.6 (5.1) 
Lean body mass (kg) 21.0 (2.4) 21.8 (2.3) 19.9 (2.1)***       
Fat mass (kg)       5.8 (3.6) 5.2 (3.6) 6.4 (3.5)*** 
Body fat percentage 20.2 (8.9) 18.0 (8.6) 23.1 (8.6)*** 18.4 (11.8)1 14.9 (11.2) 20.9 (13.7)*** 20.0 (8.3) 17.5 (8.1) 22.5 (7.8)*** 
Prevalence of overweight (%) 16.12 14.1 18.7    13.93 16.8 10.9 
Current height as a percentage of predicted adult height 74.5 (3.5) 72.5 (2.7) 77.0 (2.8)*** 74.6 (3.6) 72.4 (2.6) 77.2 (2.7)*** 74.5 (3.7) 72.2 (2.6) 76.9 (3.0)*** 
Children entered clinical puberty (%)4 4.7 3.1 6.8 4.9 4.8 5.2 2.5 1.5 3.5 
Children at risk of reading disability (%) 13.5 17.5 8.1 13.6 17.9 7.7*    
Parental education (%) 
Vocational school or less 
Polytechnic 
University degree 
 
20.8 
41.0 
38.2 
 
23.5 
35.7 
40.8 
 
17.3 
48.0 
34.7 
 
20.0 
39.5 
40.5 
 
23.6 
33.0 
43.4 
 
15.2 
48.1 
36.7 
   
Children in intervention group of PANIC study (%)5 66.7 67.7 65.3 68.8 69.2 68.4    
Total physical activity (min·d-1) 105 (40) 115 (43) 92.5 (29.8)** 105 (40) 112 (43) 95.4 (32.2)* 109 (41) 116 (43) 103 (37)** 
Supervised exercise (min·d-1)    13.6 (12.7) 14.3 (12.9) 12.6 (12.6)    
Organized sports (min·d-1)    8.4 (11.5) 8.6 (11.4) 8.0 (11.7)    
Organized exercise other than sports (min·d-1)    5.2 (5.9) 5.7 (6.3) 4.6 (5.4)    
Unsupervised physical activity (min·d-1)     44.2 (30.6) 51.1 (32.0) 35.0 (26.1)***    
Physically active school transportation (min·d-1)    18.7 (15.1) 17.6 (15.7) 20.2 (14.1)    
Physical activity during recess (min·d-1)    22.0 (6.1)   23.0 (6.0) 20.8 (5.9)*    
Total sedentary behavior (min·d-1)    215 (110) 206 (102) 227 (119)    
Screen-based sedentary behavior (min·d-1)    106 (54) 111 (60) 99.5 (45) 102 (53) 115 (55) 91 (48)*** 
Watching TV and videos (min·d-1)    68.9 (32.6) 66.0 (31.9) 74.1 (32.9)    
Using computer and playing video games (min·d-1)    34.2 (33.8) 42.0 (37.4) 23.5 (24.5)***    
Using mobile phone and playing mobile games (min·d-1)    3.3 (8.4) 4.3 (11.3) 1.9 (5.7)    
Sedentary behavior related to academic skills (min·d-1)    21.4 (38.6) 22.9 (38.6) 21.4 (36.4)    
Sedentary behavior related to music (min·d-1)    16.0 (23.0) 11.9 (16.3) 21.6 (28.9)*  
Sedentary behavior related to arts, crafts and games (min·d-1)    46.1 (47.7) 38.6 (45.7) 60.0 (42.9)***  
Table 3 to be continued 
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Table 3 continues 
 Study II Study III Study IV 
 All Boys Girls All Boys Girls All Boys Girls 
N 174 99 75 186 107 79 403 202 201 
Sitting and lying to rest (min·d-1)    11.9 (26.9) 11.7 (28.0) 12.2 (25.7)    
Maximal workload (W·kg-1 of lean body mass) 3.6 (14.5) 3.7 (0.5) 3.4 (0.4)*** 3.6 (0.5) 3.7 (0.5) 3.4 (0.4)***    
Maximal workload (W)       75.9 (14.9) 81.7 (14.4) 70.0 (12.9)*** 
Time in 50-m shuttle test (s) 24.1 (2.1) 23.7 (2.1) 24.7 (2.0)**    24.1 (2.1) 23.8 (2.2) 24.3 (2.1)** 
Number of errors in the modified flamingo balance test 3.5 (2.6) 3.6 (2.7) 3.3 (2.4)    3.8 (2.8) 4.4 (3.1) 3.2 (2.3)*** 
Number of cubes moved in two minutes in box and block in two minutes 100 (15) 98.8 (15) 103 (14)    102 (13) 99.1 (13) 104 (13)*** 
Time 15-meter sprint test (s)       3.1 (0.2) 3.1 (0.2) 3.2 (0.2)*** 
Pressing power in the hand grip strength test (kilopascals)       47.1 (8.3) 48.7 (8.1) 45.4 (8.2)*** 
Distance jumped in standing long jump test (cm)       125 (16) 129 (16) 120 (16)*** 
Number of repetitions in sit up test in 30 seconds       10.6 (4.8) 10.7 (4.9) 10.6 (4.8) 
Distance reached in sit-and-reach test (cm)       –3.1 (7.7) –5.8 (7.2) 0.4 (7.2)*** 
Overall motor performance 0.1 (1.9) 0.1 (1.9) 0.0 (1.9) 0.1 (2.0) 0.1 (2.0) 0.1 (2.0)    
Academic achievement in Grade 1           
Reading fluency (score) 18.8 (9.0) 17.8 (9.6) 20.2 (8.0)* 18.8 (9.2) 18.2 (9.2) 19.6 (8.1)    
Reading comprehension(score) 5.0 (3.4) 4.7 (3.5) 5.3 (3.3) 4.9 (3.3) 4.8 (3.4) 5.2 (3.2)    
Arithmetic skills (score) 10.3 (4.1) 10.7 (4.3) 9.8 (3.9) 10.4 (4.2) 10.6 (4.3) 10.1 (3.9)    
Academic achievement in Grade 2          
Reading fluency 25.1 (8.0) 24.6 (8.7) 25.7 (7.0) 25.2 (8.2) 24.9 (9.1) 25.6 (6.9)    
Reading comprehension 8.0 (2.9) 7.6 (3.0) 8.5 (2.6) 7.8 (3.0) 7.2 (3.2) 8.5 (2.6)**    
Arithmetic skills 15.5 (5.0) 15.6 (5.4) 15.4 (4.4) 15.6 (5.2) 15.4 (5.6) 15.8 (4.5)    
Academic achievement in Grade 3          
Reading fluency 36.6 (8.5) 35.3 (8.7) 38.3 (8.1)* 36.6 (8.7) 35.5 (8.9) 38.1 (8.3)*    
Reading comprehension 9.0 (2.0) 8.8 (2.2) 9.3 (1.6) 8.9 (2.2) 8.6 (2.4) 9.2 (1.7)    
Arithmetic skills 19.6 (4.4) 19.7 (4.2) 19.5 (4.8) 19.7 (4.6) 19.8 (4.5) 19.7 (4.8)    
Data are presented as means (standard deviations), medians (interquartile ranges or percentages. *P < 0.05, **P < 0.01, ***P < 0.001 between boys 
and girls within the study. 1Medians; 2Prevalence of overweight was defined by the cut-offs in the International Obesity Task Force (77); 3Prevalence of 
overweight was defined by national cut-offs (80); 4Boys: testicular volume >3 ml, Girls: breast development had started (66). 
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4.2 ASSESSMENTS  
 
Physical activity, sedentary behavior, cardiorespiratory fitness, neuromuscular 
performance, adiposity, maturation, and family background were assessed in the PANIC 
Study in Grade 1 and academic achievement were assessed in the First Steps Study in 
Grades 1, 2, and 3.  
 
4.2.1 Physical activity and sedentary behavior 
Physical activity and sedentary behavior were assessed by the PANIC Physical Activity 
Questionnaire administered by the parents with the children (36). The types of physical 
activities included supervised exercise (organized sports and organized exercise other than 
sports), unsupervised physical activity, physically active school transportation (mainly 
walking or bicycling), physical activity during recess and physical education. In Finnish 
schools, there are 90 minutes of compulsory physical education per week in Grade 1, so 
physical education was not used as one type of physical activity. The frequency and 
duration of a single session of each type of physical activity were queried. The amount of 
each physical activity type was calculated by multiplying the frequency of the activity with 
the duration of a session and expressed in minutes per day. Total physical activity was 
calculated by adding the amounts of each type of physical activity including physical 
education and expressed in minutes per day. 
The types of sedentary behavior during leisure time included screen-based sedentary 
behavior (watching TV and videos, using computer and playing video games, using a 
mobile phone and playing mobile games), sedentary behavior related to music (listening to 
music, playing music), sedentary behavior related to academic skills (reading, writing), 
sedentary behavior related to arts, crafts, and games (drawing, doing arts and crafts, 
playing board and card games), and sitting and lying in order to rest. Times spent in each 
sedentary behavior were queried separately for weekdays and weekends and were 
expressed in minutes per day. The amount of total sedentary behavior was calculated by 
adding the times spent in each sedentary behavior and expressed in minutes per day, 
weighted by the number of weekdays and weekend days.  
The PANIC Physical Activity Questionnaire was validated using the Actiheart monitor 
(Actiheart, CamNtech, Cambridge, UK) combining heart rate and accelerometer 
measurements in a subsample of 38 children examined at baseline of the PANIC Study (36). 
Total physical activity measured by the questionnaire correlated positively with total 
physical activity measured by the Actiheart monitor (r = 0.37, P = 0.033). 
 
4.2.2 Physical performance 
Cardiorespiratory fitness was assessed using a maximal exercise test with an 
electromagnetically-braked cycle ergometer (Ergoselect 200 K; Ergoline, Bitz, Germany). 
The exercise test protocol included a 3-minute warm-up period at 5 watts, a 1-minute 
steady-state period at 20 watts, an exercise period with a workload increase of 1 watt every 
6 seconds until exhaustion and a 4-minute cooling-down period at 5 watts (200,201). The 
exercise test was considered maximal if it continued until voluntary exhaustion. Absolute 
maximal workload in watts at the end of the exercise test and maximal workload per 
kilograms of lean body mass were used as measures of cardiorespiratory fitness.  
Speed and agility were assessed by the 50-meter shuttle run test (73). Children were 
asked to run five meters from a starting line to another line as fast as possible, to turn on 
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the line, to run back to the starting line, and to repeat until five repetitions were completed. 
The test score was the running time in seconds, with a longer time indicating a poorer 
performance. 
Maximal running speed was assessed by the 15-meter sprint test. The children were 
asked to run 18 meters as fast as possible five times at 50-second intervals. After a recovery 
period of four minutes, the children were again asked to run 18 meters at 50-second 
intervals. Time spent in each run was measured using two photo cells (ALGE-TIMING 
GmbH, Lustenau, Austria). The first photocell was placed at 2.5 meters from the start that 
allowed the children to speed up before the timer started, while the second was placed 0.5 
meters before the finish line. Maximal running speed was defined as time taken in the 
fastest 15-meter run. 
Hand grip strength was assessed by the Martin vigorimeter (Martin, Tuttlingen, 
Germany). The children were asked to keep the elbow close to the body, their arm flexed at 
90° and to press a rubber bulb maximally three times each with their right and left hand. 
The mean of the best trial of each hand was used in the analyses and was expressed in 
kilopascals. 
Lower limb explosive strength was assessed by the standing long jump test (73).The 
children were asked to place their feet next to each other, jump as far as possible and land 
on both feet. The test score was the best result of three attempts in centimeters. 
The sit-up test was used to assess abdominal muscle strength and endurance (73). The 
children were asked to lie down with knees flexed at 90°, feet on the ground, and arms 
behind the neck. The children were told to perform as many sit-ups as possible in 30 
seconds with their elbows touching their knees and the assistant holding their feet on the 
floor. The test score was the number of technically correct sit-ups completed in 30 seconds.  
Static balance was assessed by the modified flamingo balance test. The children were 
asked to stand barefoot on one leg with eyes closed for 30 seconds. The test score was the 
number of floor touches with a free foot or eye openings during 30 seconds, higher 
numbers of floor touches and eye openings indicating poorer static balance. 
Manual dexterity and upper limb movement speed were assessed by the box and block 
test (202). The children were asked to pick up 150 small wooden cubes (2.5cm/side) one by 
one with the dominant hand from one side of a wooden box (53.7cm x 25.4cm x 8cm), and 
to move as many cubes as possible to the other side of the box over 60 seconds and to 
repeat the same task with the non-dominant hand. The test score was the number of cubes 
moved to the other side of the box, with smaller number of cubes moved indicating poorer 
manual dexterity. 
Lower back and hamstring muscle flexibility was assessed by the sit-and-reach test (73). 
The children were asked to sit down with their heels 25 centimeters apart at the zero line. A 
measuring stick was placed to –38 centimeters from the zero line. The children were asked 
to reach slowly forward as far as possible while keeping the hands parallel and to repeat 
the same task three times. The test score was the longest distance in centimeters reached 
with the fingertips from the starting line of –38 centimeters, with a smaller distance reached 
indicating a poorer lower back and hamstring flexibility. 
The overall motor performance was calculated as the sum of a reversed shuttle run test 
Z-score, a reversed flamingo balance test z-score and a box and block test z-score. The z-
scores were computed using the current study sample. A lower score indicated poorer 
overall motor performance. 
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4.2.3 Body composition and anthropometrics 
Body fat mass, body fat percentage and lean body mass were measured after emptying the 
bladder, in a supine position and light clothing and after removing all metal objects, by a 
Lunar® dual energy X-ray absorptiometry (DXA) device (Lunar Prodigy Advance; GE 
Medical Systems, Madison, WI, USA) (81). In Study IV, body fat percentage was 
categorized as < 10% body fat, 10–24.9% body fat and ≥ 25% body fat in boys, and as < 15% 
body fat, 15–29.9% body fat, and ≥ 30% body fat in girls (203). Body weight was measured 
twice after overnight fasting, after emptying the bladder, and standing in light underwear 
using a calibrated InBody® 720 bioelectrical impedance device (Biospace, Seoul, South 
Korea) to an accuracy of 0.1 kg. The mean of these two values was used in the analyses. 
Stature was measured three times in the Frankfurt plane without shoes using a wall-
mounted stadiometer to accuracy of 0.1 cm. BMI was calculated as body mass (kg) divided 
by stature (m) squared. The BMI-standard deviation score (BMI-SDS) was calculated based 
on Finnish references values (80). The prevalence of underweight, normal weight, 
overweight and obesity was defined using the national reference values provided by Saari 
and colleagues (80) and cut-offs from the International Obesity Task Force (IOTF) (77). 
 
4.2.4 Academic achievement 
Academic achievement was assessed during Grades 1, 2 and 3. Reading fluency was 
assessed using a group-administered speeded subtest of the nationally normed reading 
achievement test battery (ALLU) (204). The test score was the number of correct answers, 
ranging from 0 to 80, during a two-minute time limit for items that involved identifying the 
correct word from four phonologically similar alternatives linked to an adjoining picture. 
This procedure required either using whole-word recognition based on the orthographic 
structure of the words or phonological decoding of all letters of the word. 
Reading comprehension was assessed with a group-administered subtest from the ALLU 
battery (204). After reading a short text, children were asked to answer to 12 multiple choice 
questions including facts, causal relationships, interpretations, or conclusions drawn from 
the text. The test score was the number of correct answers, ranging from 0 to 12, during the 
30-minute test period with children allowed to refer to the original text.  
Arithmetic skills were assessed using a basic arithmetic test (205) with a set of addition 
and subtraction tasks presented visually. Children were asked to perform as many 
calculations as they could. The test score was the number of correct answers ranging from 0 
to 28 within the 3-minute time limit.  
 
4.2.5 Other assessments 
Parents were asked to report their completed or ongoing educational degrees (vocational 
school or less, polytechnic or university) in a questionnaire. The degree of the more 
educated parent was used in the analyses.  
The research physician assessed pubertal status using the five-stage scale described by 
Tanner (206). The boys were defined as having entered clinical puberty, if their testicular 
volume assessed by an orchidometer was > 3 ml (Stage ≥ 2). The girls were defined as 
having entered puberty if their breast development had started (Stage ≥ 2). Because only a 
few children had entered clinical puberty, current height as a percentage of predicted adult 
height was also used as a measure of maturity. The boys’ predicted adult height (cm) was 
calculated as follows: the mean of the height of Finnish men (178.6 cm) + [the standard 
deviation of the height of Finnish men (6.0 cm) x the deviation of the child’s predicted adult 
height from the average of the predicted adult height of Finnish children]. The girl’s 
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predicted adult height was calculated as follows: the mean of the height of Finnish women 
(165.3 cm) + [the standard deviation of the height of Finnish women (5.4 cm) x the deviation 
of the child’s predicted adult height from the average of the predicted adult height of 
Finnish children]. The deviation of the child’s predicted adult height from the average of 
the predicted adult height of Finnish children was calculated according to the national 
guidelines as follows: (the arithmetic mean of the father’s and mother’s height-171)/10.  
The risk of reading disabilities was determined based on children’s scores in 
kindergarten-age assessments of letter knowledge, phonemic awareness and rapid 
automatized naming, and parental self-report of reading difficulties, meaning parents 
indicated on a questionnaire that they had had “mild” or “severe” problems in reading at 
school-entering age, indicating family risk (207). The children were defined as being at risk 
of reading disabilities if their score was at or below the 15th percentile (about one SD below 
mean of the sample of approximately 2000 children in the follow-up) in at least two of the 
three skills or in one skill with the presence of family risk.  
 
 
4.3 STATISTICAL METHODS 
Statistical analyses were performed using SPSS statistical software versions 19 and 21 (IBM 
Corp., Armonk, NY, USA). The Student’s t-test, the Mann-Whitney U-test, and the Chi-
square test were used to compare the means, medians and percentages of the variables 
between the sexes and between the children in the final study samples and the rest of 
children from the original PANIC Study and First Steps Study (Studies II, III and IV). The 
PANIC study group (intervention vs. control) was used as a covariate in Study II and III, 
because the intervention in The PANIC Study began before the assessment of reading and 
arithmetic skills in The First Steps Study. 
 
Study II. The associations of the measures of cardiorespiratory fitness and motor 
performance in Grade 1 with reading and arithmetic skills in Grades 1–3 were examined 
using multivariate linear regression analyses. Age, sex, parental education, and the PANIC 
study group were forced into the linear regression models; maximal workload per lean 
body mass, 50-meter shuttle run time, errors in the modified flamingo balance test, and 
cubes moved in box and block test or overall motor performance were entered stepwise 
into the models. If the associations were statistically significant with these adjustments, the 
data were additionally adjusted for body fat percentage, physical activity, clinical puberty, 
current height as a percentage of predicted adult height and the risk of reading disabilities. 
The differences in academic skills in Grades 1–3 between children in the sex-specific thirds 
of cardiorespiratory fitness and the measures of motor performance in Grade 1 were 
investigated using analyses of covariance (ANCOVA) with repeated measures. These 
analyses were performed combining data on boys and girls because of a limited statistical 
power to analyze differences among the thirds separately in boys and girls. Adjustments 
for multiple comparisons were made using the Sidak correction. The data for the ANCOVA 
analyses were adjusted for age, parental education and the PANIC study group. If the 
associations were statistically significant with these adjustments, the data were additionally 
adjusted for other measures of cardiorespiratory fitness and motor performance, body fat 
percentage, physical activity, clinical puberty, current height as a percentage of predicted 
adult height, and the risk of reading disabilities. 
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Study III. The question of whether different types of physical activity and sedentary 
behavior during Grade 1 as continuous variables were independently associated with 
reading and arithmetic skills in Grades 1, 2 and 3 was examined using multivariate linear 
regression analyses. In the first step, age, sex, parental education, and the PANIC study 
group (intervention vs. control) were forced as basic covariates, and different types of 
physical activity and sedentary behavior were entered one by one into the models. If the 
associations of different types of physical activity and sedentary behavior with reading and 
arithmetic skills were statistically significant after adjustment for the basic covariates, 
clinical puberty, current height as a percentage of predicted adult height, body fat 
percentage, cardiorespiratory fitness, overall motor performance, the risk of reading 
disability or the different types of physical activity or sedentary behavior were forced one 
by one as additional covariates into the models. Variables that were strongly correlated 
were not forced into the same models to avoid collinearity problems.  
ANCOVA with repeated measures was used to investigate whether there were 
differences in reading and arithmetic skills in Grades 1–3 between children in the lower and 
upper halves of different types of physical activity or sedentary behavior in Grade 1, using 
sex-specific medians as cut-offs. However, organized sports were categorized as those who 
participated in organized sports and those who did not, because a relatively small number 
of children participated in organized sports. The ANCOVA data were adjusted using the 
same principle as the linear regression analysis data.  
Because sex modified some associations of physical activity and sedentary behavior with 
academic skills, multivariate linear regression analyses and the ANCOVAs was also 
conducted separately among boys and girls. 
 
Study IV. The associations of body fat percentage with cardiorespiratory fitness and 
neuromuscular performance were analyzed using multivariate linear regression analyses. 
Age and sex were entered first into the model, followed by body fat percentage. The mean 
values of cardiorespiratory fitness and neuromuscular performance among children with 
different levels of body fat percentage were compared using ANCOVA with Sidak 
correction for multiple comparisons. The associations of body fat percentage with maximal 
workload during exercise test were additionally adjusted for lean body mass as suggested 
(23). A similar approach was used in the analyses regarding pressing power in the hand 
grip strength test. If the associations were statistically significant after adjustment for age 
and sex, the data were additionally adjusted for physical activity, screen-based sedentary 
behavior, and current height as a percentage of predicted adult height, or clinical puberty.  
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5 Results 
5.1 NARRATIVE REVIEW OF CARDIORESPIRATORY FITNESS, MOTOR 
PERFORMANCE, COGNITION, AND ACADEMIC ACHIEVEMENT (STUDY I) 
The results of this narrative review indicated that children with higher levels of 
cardiorespiratory fitness (VO2max) outperformed their less fit peers in tasks that require 
variable amounts of cognitive control, attention, and cognitive flexibility (Tables 1 and 2, 
Study I). Better endurance performance in field tests was related to a better academic 
achievement as well (Table 3, Study I).  
Better cardiorespiratory fitness (VO2max) was also associated with larger basal ganglia and 
hippocampal volumes based on magnetic resonance imaging scans (Tables 1 and 2, Study 
I), and children with better cardiorespiratory fitness exhibited more efficient cognitive 
processes indicated by event-related potential and functional magnetic resonance imaging 
recordings (Tables 1 and 2, Study I). The most convincing evidence suggested that children 
with better cardiorespiratory fitness exhibited larger event-related potential component P3. 
Moreover, some studies indicated that more fit children had better action monitoring and 
anticipatory attention, reflected by reduced error-related negativity and increased initial 
contingence negative variation, than less fit children.  
Children with better motor performance had better cognitive control, working memory 
and academic achievement (Tables 1, 2 and 3, Study I). There was also some evidence 
suggesting that better motor performance predicted cognitive functions in subsequent 
years.  
The results of intervention studies suggest that aerobic exercise and motor skill training 
improve cognitive functions and academic achievement. However, these studies are few in 
number and the results are inconclusive.  
 
 
5.2 MOTOR PERFORMANCE, CARDIORESPIRATORY FITNESS, AND 
ACADEMIC ACHIEVEMENT DURING FIRST THREE SCHOOL YEARS 
(STUDY II) 
5.2.1 Associations of motor performance and cardiorespiratory fitness in Grade 1 with 
reading and arithmetic skills in Grades 1–3 
A poorer time in the 50-meter shuttle run test in Grade 1 was related to worse reading 
fluency in Grades 1–3, worse reading comprehension in Grade 3, and worse arithmetic 
skills in Grades 1-3 (Table 4). A larger number of errors in the modified flamingo balance 
test were associated with worse reading fluency in Grade 3, with worse reading 
comprehension in Grade 1, and with worse arithmetic skills in Grade 3. A smaller number 
of cubes moved during the box and block test in Grade 1 was related to worse reading 
fluency in Grade 1–2 and to worse arithmetic skills in Grade 2 (Table 4). Poorer overall 
motor performance in Grade 1 was associated with worse reading fluency, reading 
comprehension, and arithmetic skills in Grades 1-3 (Table 4). The associations of motor 
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performance with academic skills were generally stronger in boys than in girls (Table 4). 
Cardiorespiratory fitness was not related to reading and arithmetic skills.  
 
Data are standardized regression coefficients from multivariate linear regression analyses adjusted for age, 
sex, parental education, and the PANIC Study group (intervention vs. control). Overall motor performance 
was calculated by z-score of reversed 50-meter shuttle run, reversed modified flamingo balance, and box 
and block test performance. Analyses of overall motor performance were conducted separately from other 
measures of motor performance. There were 167 children (96 boys, 71 girls) in Grade 3. *P < 0.05, ** P 
< 0.01, †P < 0.001 
 
5.2.2 Differences in reading and arithmetic skills among children in the lowest, middle, 
and highest third of motor performance 
Children in the third with the poorest time in the shuttle run test had consistently lower 
reading fluency (F(2,161) = 4.68, P = 0.011) and arithmetic test (F(2,161) = 6.50, P = 0.002) 
scores than those in the other thirds (Figure 2A). Children in the lowest third of cubes 
moved in the box and block test had consistently poorer reading fluency (F(2,161) = 3.86, P 
= 0.023) and arithmetic skills (F(2,161) = 3.88, P = 0.023) in grades 1–3 than other children 
(Figure 2C). There were no statistically significant differences in reading and arithmetic 
skills among children in the thirds of modified flamingo balance (Figure 2B) or 
cardiorespiratory fitness (data not shown). 
 
 
 
 
Table 4. The associations of motor performance and cardiorespiratory fitness  in Grade 1 with 
reading and arithmetic skills in Grades 1–3 
 Reading fluency Reading comprehension Arithmetic skills 
 All 
(N = 
174) 
Boys 
(N = 
99) 
Girls 
(N = 
75) 
All 
(N = 
174) 
Boys 
(N = 
99) 
Girls 
(N = 
75) 
All 
(N = 
174) 
Boys 
(N = 
99) 
Girls 
(N = 
75) 
 Grade 1 Grade 1 Grade 1 
Time in 50-m shuttle run test (s) –0.21* –0.35† –0.01 –0.11 –0.29** 0.14   –0.31† –0.35† –0.15 
Errors in modified flamingo balance test 
in 30 seconds 
–0.05 –0.01 –0.06 –0.16* –0.20* 0.02 –0.11 –0.08 –0.10 
Number of cubes moved in box and 
block test in 2 minutes 
0.18* 0.28** 0.14 0.12 0.15 0.12 0.14 0.23* 0.13 
Overall motor performance 0.28† 0.40† 0.11 0.22** 0.39† –0.01 0.31† 0.41† 0.18 
Maximal workload/lean body mass –0.01 0.04 0.06 0.09 0.16 –0.02 –0.02 0.00 0.08 
 
Grade 2 Grade 2 Grade 2 
Time in 50-m shuttle run test (s) –0.16* –0.29** 0.07 –0.13 –0.25* 0.02 –0.38† –0.40† –0.25* 
Errors in modified flamingo balance test 
in 30 seconds 
–0.12 –0.07 –0.08 –0.14 –0.12 –0.08 –0.11 –0.10 –0.13 
Number of cubes moved in box and 
block test in 2 minutes 
0.20* 0.23* 0.26* 0.10 0.07 0.20 0.18* 0.21* 0.19 
Overall motor performance 0.30† 0.38† 0.19 0.19* 0.25* 0.11 0.38† 0.44† 0.32** 
Maximal workload/lean body mass 0.03 0.12 –0.10 0.06 0.13 –0.06 0.01 0.02 0.13 
 
Grade 3 Grade 3 Grade 3 
Time in 50-m shuttle run test (s) –0.31† –0.39† –0.27* –0.18* –0.19 –0.10    –0.20* –0.33** –0.10 
Errors in modified flamingo balance test 
in 30 seconds 
–0.16* –0.17 –0.12 –0.09 –0.12 –0.04 –0.17* –0.19 –0.14 
Number of cubes moved in box and 
block test in 2 minutes 
0.08 0.16 0.09 0.12 0.23* 0.01 0.09 0.17 0.12 
Overall motor performance 0.35† 0.41† 0.28* 0.22** 0.31** 0.07 0.28† 0.39† 0.17 
Maximal workload/lean body mass –0.12 –0.04 –0.14 –0.04 –0.06 0.13 0.04 0.04 0.13 
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Figure 2. Differences in reading and arithmetic skills in Grades 1–3 among children in the sex-
specific thirds of the 50-meter shuttle run test time (speed and agility), errors in the modified 
flamingo balance test (static balance) and cubes moved in the box and block test (manual 
dexterity) in Grade 1 in a study sample of 167 children. The estimates are from the analyses of 
covariance with repeated measures. Data were adjusted for age, parental education, and the 
PANIC study group (intervention vs. control). HP = High performance, MP = moderate 
performance, LP = Low performance. 
5.3 PHYSICAL ACTIVITY, SEDENTARY BEHAVIOR, AND ACADEMIC 
ACHIEVEMENT DURING FIRST THREE SCHOOL YEARS (STUDY III) 
5.3.1 Physical activity and academic achievement among all children 
Among all children, physical activity during recess in Grade 1 was directly associated with 
reading fluency in Grades 1–2 after adjustment for age, sex, parental education, and the 
PANIC study group (Table 5). Children in the upper half (≥ median of 20 min/d) of physical 
activity during recess in Grade 1 had better reading fluency in Grades 1–3 than those in the 
lower half after these adjustments (P = 0.015). Further adjustments for clinical puberty, 
current height as a percentage of predicted adult height, body fat percentage, 
cardiorespiratory fitness, overall motor performance, the risk of reading disability or the 
different types of physical activity or sedentary behavior had no effect on these associations 
or differences (data not shown).  
A)     Speed and agility                                  B) Static balance                                         C) Manual dexterity 
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Organized sports in Grade 1 as a continuous variable was not associated with academic 
achievement in Grades 1-3 after adjustment for age, sex, parental education, and the PANIC 
study group (Table 5). However, children who participated in any organized sports in 
Grade 1 had better arithmetic skills in Grades 1–3 than those who did not engage in 
organized sports  after these adjustments (P = 0.015). Further adjustments had no effect on 
these differences (data not shown). 
Physically active school transportation in Grade 1 as a continuous variable was not 
associated with academic skills in Grades 1-3 after adjustment for age, sex, parental 
education, and the PANIC study group (Table 5). However, children in the upper half 
(≥median of 14 min/d) of physically active school transportation in Grade 1 had a better 
reading fluency in Grades 1–3 than those in the lower half after these adjustments (P = 
0.038). Further adjustments had no effect on these differences (data not shown).  
 
5.3.2 Physical activity and academic achievement among boys 
Total physical activity in Grade 1 was directly associated with reading fluency in Grades 1–
2 after adjustment for age, parental education, and the PANIC study group (Table 5). The 
relationship between total physical activity in Grade 1 and reading fluency in Grade 2 was 
slightly weakened after adjustment for body fat percentage (β = 0.19, P = 0.059), 
cardiorespiratory fitness (β = 0.19, P = 0.072), or motor performance (β = 0.19, P = 0.049). 
Boys in the upper half of total physical activity (≥ median of 110 min/d) in Grade 1 had 
better reading fluency and reading comprehension in Grades 1–3 than the boys in the lower 
half of total physical activity after adjustment for age, parental education, and the PANIC 
study group (Figure 3A). These differences were no longer statistically significant after 
further adjustment for body fat percentage, cardiorespiratory fitness, or motor performance 
(data not shown). The associations of total physical activity in Grade 1 with reading fluency 
and reading comprehension in Grades 1–3 were no longer statistically significant after 
adjustment for physically active school transportation (data not shown). 
Physically active school transportation in Grade 1 was directly related to reading fluency 
in Grades 1–3 and with reading comprehension in Grade 1 after adjustment for age, 
parental education, and the PANIC study group (Table 5). Further adjustments for clinical 
puberty, current height as a percentage of predicted adult height, body fat percentage, 
cardiorespiratory fitness, overall motor performance, the risk of reading disability or the 
different types of physical activity or sedentary behavior had no effect on these associations 
(data not shown). Boys in the upper half (≥ median of 14 min/d) of physically active school 
transportation in Grade 1 had better reading fluency and reading comprehension in Grades 
1–3 than boys in the lower half after adjustment for age, parental education, and the PANIC 
study group (Figure 3B). These differences were no longer statistically significant after 
further adjustment for motor performance (data not shown). Additional adjustments had 
no effect on these differences (data not shown). 
 
5.3.3 Physical activity and academic achievement among girls 
Total physical activity in Grade 1 was inversely associated with reading fluency in Grade 2 
and arithmetic skills in Grade 1 after adjustment for age, parental education and the PANIC 
study group (Table 5). Further adjustment for body fat percentage weakened the association 
between total physical activity in Grade 1 and arithmetic skills in Grade 1 (β = –0.19, P = 
0.096). Girls in the upper half (≥ median of 97 min/d) of total physical activity in Grade 1 
had worse reading comprehension and worse arithmetic skills in Grades 1-3 than girls in 
the lower half after adjustment for age, parental education, and the PANIC study group 
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(Figure 3A). These differences were no longer statistically significant after additional 
adjustment for body fat percentage or motor performance (data not shown). Further 
adjustments had no effect on these associations (data not shown). Total physical activity in 
Grade 1 was inversely associated with reading fluency in Grades 1-3 among girls whose 
parents had no university degree, but was directly related to reading fluency among girls 
whose parents had a university degree (P = 0.009 for interaction). Parental education 
similarly modified the associations of total physical activity with arithmetic skills in Grades 
1-3 among girls (P = 0.002 for interaction).  
Unsupervised physical activity in Grade 1 was inversely related to reading fluency in 
Grade 2 after adjustment for age, parental education and the PANIC study group (Table 5). 
This association was slightly weakened after further adjustment for body fat percentage (β = 
–0.20, P = 0.077).  
Organized exercise other than sports in Grade 1 was inversely related to arithmetic skills 
in Grade 3 (Table 5). Physically active school transportation in Grade 1 was inversely 
associated with reading comprehension in Grade 3 after adjustment for age, parental 
education, and the PANIC study group (Table 5). Further adjustments had no effect on 
these associations (data not shown). 
Data are standardized regression coefficients from multivariate linear regression analyses 
adjusted for age, sex, parental education, and the PANIC study group. *P < 0.05, **P < 0.01, †P 
< 0.001 
 
 
 
 
 
Table 5. The associations of different types of physical activity in Grade 1 with reading and 
arithmetic skills in Grades 1–3 
 Reading fluency Reading comprehension Arithmetic skills 
 All Boys Girls All Boys Girls All Boys Girls 
 Grade 1 Grade 1 Grade 1 
Total physical activity (min·d-1) 0.11 0.23*   –0.17 0.06 0.16 –0.12 –0.00 0.08 –0.25* 
Supervised exercise (min·d-1) 0.08 0.16 –0.08 0.06 0.08 0.01 0.08 0.14 –0.05 
Organized sports (min·d-1) 0.05 0.09 –0.03 0.00 0.04 –0.08 0.07 0.09 0.03 
Organized exercise other than sports (min·d-1) 0.09 0.18   –0.13 0.13 0.09 0.18 0.04 0.14 –0.17 
Unsupervised physical activity (min/d) 0.02 0.10 –0.14 -0.03 0.05 –0.11 –0.03 0.04 –0.19 
Physically active school transportation (min·d-1) 0.12 0.26** –0.13 0.14 0.25** –0.08 –0.07 0.01 –0.21 
Physical activity during recess (min·d-1) 0.19** 0.14 0.22 0.03 0.02 0.06 0.14 0.12 0.13 
 Grade 2 Grade 2 Grade 2 
Total physical activity (min·d-1) 0.08 0.22* –0.28* 0.07 0.12 –0.02 0.05 0.15 –0.17 
Supervised exercise (min·d-1) 0.04 0.10 –0.09 0.06 0.07 –0.04 0.10 0.17 –0.04 
Organized sports (min·d-1) –0.02 0.04 –0.08 0.02 0.05 –0.10 0.11 0.12 0.06 
Organized exercise other than sports (min·d-1) 0.09 0.14 –0.05 0.09 0.06 0.13 0.02 0.15 –0.22 
Unsupervised physical activity (min·d-1) –0.00 0.11 –0.23* 0.01 0.03 0.07 –0.01 0.05 –0.12 
Physically active school transportation (min·d-1) 0.13 0.26** –0.16 0.06 0.16 –0.21 0.04 0.12 –0.14 
Physical activity during recess (min·d-1) 0.17* 0.18 0.13 0.13 0.14 0.18 0.11 0.14 0.09 
 Grade 3 Grade 3 Grade 3 
Total physical activity (min·d-1) 0.06 0.14 –0.12 –0.03 0.05 –0.13 –0.03 0.04 –0.20 
Supervised exercise (min·d-1) 0.04 0.05 0.01 –0.00 –0.01 0.03 0.04 0.03 0.03 
Organized sports (min·d-1) 0.02 –0.01 0.05 –0.01 –0.04 0.03 0.07 –0.03 0.17 
Organized exercise other than sports (min·d-1) 0.04 0.13 –0.10 0.01 0.04 –0.00 –0.04 0.13 –0.29** 
Unsupervised physical activity (min·d-1) 0.01 0.04 –0.06 –0.06 –0.03 –0.06 –0.07 –0.01 –0.18 
Physically active school transportation (min·d-1) 0.08 0.22* –0.19 0.03 0.15 –0.24* –0.03 0.09 –0.20 
Physical activity during recess (min·d-1) 0.14 0.11 0.10 0.09 0.15 0.09 0.12 0.07 0.22 
34 
 
5.3.4 Sedentary behavior and academic achievement among all children 
Sedentary behavior related to academic skills was directly related to reading fluency in 
Grades 1–3 after adjustment for age, sex, parental education and the PANIC study group. 
Children in the upper half (≥ median of 23 min/d in boys and 21 min/d in girls) of sedentary 
behavior related to academic skills in Grade 1 had a better reading fluency in Grades 1–3 
than children in the lower half (P < 0.001). Further adjustments had no effect on these 
associations (data not shown). 
Sedentary behavior related to music and sedentary behavior related to arts, crafts and 
games were inversely associated with arithmetic skills in Grade 3 after adjustment for age, 
sex, parental education, and the PANIC Study group (Table 3, Study III). The association of 
sedentary behavior related to music with arithmetic skills in Grade 3 was no longer 
statistically significant after further adjustment for motor performance (data not shown). 
The association of sedentary behavior related to arts, crafts, and games with arithmetic 
skills in Grade 3 was no longer statistically significant after additional adjustment for 
cardiorespiratory fitness (data not shown).  
 
5.3.5 Sedentary behavior and academic achievement among boys 
In boys, total sedentary behavior in Grade 1 was directly associated with reading fluency in 
Grades 1 and 3 after adjustment for age, parental education, and the PANIC study group. 
However, these relationships were no longer statistically significant after further 
adjustment for sedentary behavior related to academic skills (data not shown). Additional 
adjustments had no effect on these associations (data not shown). 
Sedentary behavior related to academic skills was directly associated with reading 
fluency in Grades 1–3 and with reading comprehension in Grade 1 after adjustment for age, 
parental education, and the PANIC study group. Boys in the upper half of sedentary 
behavior related to academic skills (≥ median of 23 min/d) in Grade 1 had better reading 
fluency and arithmetic skills in Grades 1-3 than those in the lower half after these 
adjustments (Figure 2, B and C, Study III). Further adjustments had no effect on these 
associations and differences (data not shown). 
Using a computer and playing video games in Grade 1 as a continuous variable were not 
associated with academic skills after adjustment for age, parental education and the PANIC 
study group (Table 3). However, boys in the upper half (≥ median of 39 min/d) of computer 
use and video game playing in Grade 1 had better arithmetic skills in Grades 1-3 than those 
were in the lower half after these adjustments (Figure 2, A in Study III). These differences 
were no longer statistically significant after further adjustment for motor performance (data 
not shown). Sitting and lying in order to rest was directly related to reading comprehension 
in Grade 1 after adjustment for age, parental education, and the PANIC study group. 
Further adjustment had no effect on these associations (data not shown). 
 
5.3.6 Sedentary behavior and academic achievement among girls 
Total sedentary behavior and sedentary behavior related to music were inversely associated 
with arithmetic skills in Grades 2–3 after adjustment for age, parental education, and the 
PANIC study group. Sedentary behavior related to arts, crafts, and games was also 
inversely associated with arithmetic skills in Grade 3. Further adjustments had no effect on 
these associations.  
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Figure 3. The differences in reading and arithmetic skills between children with lower and higher 
levels of total physical activity and physically active school transportation. The differences in 
academic skills in Grades 1–3 between children  with lower and higher levels of total physical 
activity (A) and physically active school transportation (B) in Grade 1 among 107 boys and 79 
girls. The data were adjusted for age, parental education, and the PANIC study group 
(intervention vs. control) from the analyses of covariance with repeated measures. Error bars 
represent standard error of the mean. 
 
 
5.4 ADIPOSITY, NEUROMUSCULAR PERFORMANCE, AND 
CARDIORESPIRATORY FITNESS (STUDY IV) 
5.4.1 Associations of adiposity with cardiorespiratory fitness and neuromuscular 
performance 
Higher body fat percentage was associated with a higher maximal workload in all children 
and in girls but not boys after basic adjustments (Table 6). However, after further 
adjustment for lean body mass, higher body fat percentage was related to lower maximal 
workload in all children and in boys but not girls. This relationship was no longer 
statistically significant after additional adjustment for total physical activity in all children 
(β = –0.040, P = 0.256) or in boys (β =  –0.083, P = 0.137).  
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Higher body fat percentage was associated with longer times in the 50-meter shuttle 
and 15-meter sprint test, shorter standing long jump, and fewer sit-ups completed in 30 
seconds in all children and in boys and girls after basic adjustments. Higher body fat 
percentage was related to higher absolute pressing power in the hand grip strength test 
in all children and in girls but not in boys (Table 6). This association was no longer 
statistically significant after additional adjustment for the child´s current height as a 
percentage of predicted adult height in all children (β = 0.055, P = 0.301) or in girls (β = 
0.073, P = 0.325). Further adjustment for lean body mass also attenuated the association 
between body fat percentage and pressing power in all children and in girls (Table 6). 
Higher body fat percentage was associated with a higher number of errors in the 
modified flamingo balance test and a smaller number of cubes moved in the box and 
block test in all children but not in boys or girls after basic adjustments. Other 
adjustments had no effect on these relationships (data not shown). 
 
5.4.2 Cardiorespiratory fitness and neuromuscular performance children in different 
body fat percentage categories 
Lean mass adjusted maximal workload decreased with increasing body fat percentage 
expressed in three groups in all children and in boys (Figure 4). However, these group 
differences were no longer statistically significant after further adjustment for total 
physical activity among all children (P for main effect = 0.246) or among boys (P for 
main effect = 0.311). Performance in the shuttle run test, the 15-meter sprint test, the 
standing long jump test and the sit-up test decreased with increasing body fat 
percentage, expressed in three groups, in all children and in boys and girls (Figure 6).  
 
 
 
 
 
 
 
 
 
 
 
Table 6. Associations of body fat percentage with cardiorespiratory fitness and 
neuromuscular performance 
 All 
N = 403 
 Boys 
N = 202 
 Girls 
N = 201 
 
Maximal workload (W) 0.111 0.016 0.074 0.280 0.163 0.016 
Maximal workload (W) adjusted for lean mass -0.101 0.007 -0.175 0.002 -0.032 0.564 
Time in 50-meter shuttle run test (s) 0.274 <0.001 0.308 <0.001 0.220 0.002 
Time in 15-meter sprint test (s) 0.446 <0.001 0.480 <0.001 0.388 <0.001 
Pressing power (kPa) 0.131 0.010 0.100 0.147 0.161 0.024 
Pressing power (kPa) adjusted for lean mass -0.002 0.964 -0.040 0.558 0.042 0.552 
Distance jumped in standing long jump test -0.443 <0.001 -0.505 <0.001 -0.374 <0.001 
Number of repetitions in sit-ups in 30 seconds -0.255 <0.001 -0.226 0.001 -0.263 <0.001 
Number of errors in modified flamingo balance in 30 seconds 0.105 0.040 0.131 0.061 0.103 0.153 
Data are standardized regression coefficients from multivariate linear regression analyses 
adjusted for age and sex.  
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Figure 4. Body fat percentage was categorized according to Williams et al. (203). Error bars 
represent 95% confidence intervals. BF = body fat, LM = lean mass, SLJ = standing long jump, 
W=watts 
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6 Discussion  
6.1 METHODOLOGICAL ASPECTS AND LIMITATIONS 
 
6.1.1 Methodological issues in Study I 
The narrative review of the associations of cardiorespiratory fitness and motor performance 
with cognition and academic achievement in children indicated that poorer 
cardiorespiratory fitness and motor performance were related to poorer cognitive function 
and academic achievement (Study I). As the review was not systematic, but rather 
narrative, some relevant studies may not have been included. None of the studies included 
in the review provided evidence for the inverse association of cardiorespiratory fitness or 
motor performance with measures of cognition among children. However, it is possible 
that such studies exist but were not found during the article-searching process.  
 
6.1.2 Study population and design in Studies II, III, and IV 
The PANIC Study is a large controlled physical activity and diet intervention study in a 
representative population based sample of 512 children from the city of Kuopio in Eastern 
Finland. The First Steps Study is a large follow-up study of 2000 children from four 
municipalities in different parts of Finland. Altogether 207 children participated in the 
PANIC Study and the First Steps Study. Altogether 174 children had complete data in 
Study II and 186 children had complete data in Study III. These children did not differ 
significantly in socioeconomic background or anthropometric measures from those who 
were not in these study samples. However, boys who were included in Study II had better 
balance, poorer cardiorespiratory fitness, and poorer reading comprehension in Grades 1 
and 2 than other boys. More boys included in Study III had entered clinical puberty than 
other boys. Girls included in Studies II and III had poorer cardiorespiratory fitness and 
lower levels of physical activity than other girls. Girls included in Study III also had lower 
levels of sedentary behavior related to academic skills, higher levels of computer use, and 
sitting and lying in order to rest than other girls. These modest differences may hinder the 
generalizability of the results.  
Follow-up data on motor performance, cardiorespiratory fitness, physical activity or 
sedentary behavior were not available in Study II or III. Therefore, it is not possible to 
draw conclusions as to whether changes in these parameters during follow-up had an effect 
on the development of reading and arithmetic skills. Changes in motor performance, 
cardiorespiratory fitness, physical activity and sedentary behavior could be a source of 
residual confounding. However, short-term tracking of physical performance, physical 
activity, and sedentary behavior is moderate (208–211), suggesting that such confounding is 
not a major problem in these analyses. Similarly, the cross-sectional design does not allow 
conclusions about the time order of the association between adiposity and physical 
performance or about any causal relationship between them (Study IV).  
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6.1.3 Assessment of physical activity  
Total physical activity measured by the PANIC Physical Activity Questionnaire had a 
statistically significant positive correlation with total physical activity measured by the 
Actiheart monitor (r = 0.37, P = 0.033) (36). However, the assessment of physical activity 
using questionnaires is affected by cognitive development, the ability to accurately recall 
past physical activity, and the pressure for socially-accepted answers (18,22). Self-reported 
questionnaires also tend to overestimate the true duration and intensity of physical activity 
and the correlation between self-reported and objectively measured physical activity is low 
to moderate (18,22).  
Regardless of these limitations, physical activity questionnaires are the only feasible 
method for assessing the setting and type of physical activity (22). Moreover, some physical 
activities that improve neuromuscular performance and substantially increase energy 
expenditure above the resting rate in children, such as balancing (including skateboarding 
and cycling) and climbing activities, are classified as low-intensity physical activity 
assessed by accelerometers (41). Such physical activities as tree climbing require variable 
amounts of muscular strength and various motor skills but do not cause acceleration that 
could be recorded by accelerometers. The setting, type, and quality (endurance vs. skill) of 
physical activity affect the associations between physical activity and academic 
achievement (97,113,118), and some recent studies have not found a relationship between 
objectively-measured physical activity and academic achievement among children 
(116,117).  
 
6.1.4 Assessment of sedentary behavior 
It is difficult to assess different types of sedentary behavior objectively, whereas 
questionnaires are useful for that purpose. Sedentary behaviors such as reading, using 
computer and watching TV may have opposite effects on children´s learning. Some studies 
have shown no association between objectively-assessed sedentary time and academic 
achievement in children (117). Therefore, assessing sedentary behavior by a questionnaire 
when investigating the relationships of different types of sedentary behavior to cognition 
and academic achievement, was acceptable and reasonable in this study.  
 
6.1.5 Assessment of cardiorespiratory fitness  
Cardiorespiratory fitness was assessed using a maximal cycle ergometer exercise test and 
was defined as maximal workload per lean body mass (Study II and Study III) or maximal 
workload adjusted for lean body mass (Study IV). A limitation of the study is that 
respiratory gas analysis was not performed during the exercise test to obtain VO2peak. 
However, maximal workload is a good surrogate measure of VO2max in children (212), and it 
was possible to use maximal workload divided by lean body mass as a measure of 
cardiorespiratory fitness. The conventional scaling of cardiorespiratory fitness by body 
mass is confounded by adiposity that places overweight children in a disadvantageous 
position in terms of cardiopulmonary capacity compared with normal-weight children 
(47,49,57,58). Therefore, measures of cardiorespiratory fitness are recommended to be 
scaled allometrically or divided by lean body mass to obtain measures of cardiorespiratory 
fitness (47,58) that better reflect the capacity of cardiovascular, pulmonary, and skeletal 
muscle systems to deliver and use oxygen for energy production (47). Moreover, cycle 
ergometer exercise tests have been described as relatively free of children´s motor 
competence (213) whereas inter-individual differences in O2 uptake during walking or 
running do not necessarily reflect differences in mechanical efficiency at the cellular level, 
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but rather differences in the economy of locomotion (214). For example, Chia et al. (215) 
demonstrated that children with developmental coordination disorder operated at a higher 
heart rate and at a higher percentage of their VO2peak than normally-developing children at 
any given treadmill speed.   
 
6.1.6 Assessment of neuromuscular performance  
The field tests used in Studies II and IV have been found to be reliable measures of 
neuromuscular performance (55,202,216,217). Nevertheless, the findings of the specific 
component of neuromuscular performance reported in Studies II and IV should be 
interpreted cautiously because performance in field tests rely on physiological (e.g. energy 
metabolism or muscle cell type), psychological (e.g. motivation or self-efficacy), and 
behavioral (e.g. habituation to exertion or physical activity level) factors as well as 
fundamental movement skill proficiency like how skillfully a child can jump, run, or make 
a pivot turn (55,66). For example, although  standing long jump and sprint running tests 
have been considered to reflect explosive muscular power and maximal intensity anaerobic 
power, respectively (55), they also represent both movement skills and adiposity (Study 
IV) and motivation (55). Moreover, a poorer 50-meter shuttle run time has been reported to 
be associated with less sit-ups, shorter standing long-jump, and worse 20-meter endurance 
shuttle run performance (149) and increased body fat percentage, as seen in Study IV.   
It would have been valuable to measure different object control skills, such as throwing 
and kicking, to obtain more accurate information about children´s motor performance. In 
addition to static balance test, dynamic balance tests could have added meaningful 
information about balancing ability. 
 
6.1.7 Assessment of body composition and anthropometrics 
Body fat mass, body fat percentage, and lean body mass were assessed using DXA, a 
criterion reference for body composition assessment (78), by qualified and experienced 
research nurses in standard circumstances. DXA measurements are highly reproducible in 
children and adults (218–221). Total body fat percentage derived from DXA has a high 
agreement with total body fat percentage measured by magnetic resonance imaging and 
four-component underwater weighing in children and adolescents (222,223). Limitations 
related to DXA have been associated with changes in devices and algorithms that may limit 
the comparability between body composition measures derived from DXA devices from 
different manufacturers (224). In the present study, the same DXA device was used in all 
assessments. Body weight and stature were measured by two qualified and experienced 
research nurses and reproducibility of these measures was very high in the baseline of the 
PANIC Study (data not shown). Children were categorized into underweight, normal 
weight and overweight using two different references for cut-offs (77,80) (Studies II and 
IV), which both of which have been accepted for assessing weight status in pediatric 
populations.  
 
6.1.8 Assessment of academic achievement 
Reading fluency and reading comprehension were assessed using the ALLU test battery 
(204,207). The ALLU test battery is nationally normed using nearly 13,000 children from 651 
different primary schools. Reading fluency, reading comprehension, and arithmetic skill 
tests used in Studies II and III have been used in large follow-up studies on the 
development and determinants of reading and arithmetic skills in children (225–227). 
Reading skills in the ALLU test battery have been validated against reading skills evaluated 
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by the children´s classroom teachers. Reading fluency and reading comprehension tests in 
Grade 1 had relatively strong correlations (r ≈ 0.50, P < 0.001) with reading skills rated by 
teachers in Grade 1 (228). Reading skills in Grades 1–3 assessed by ALLU tests have been 
reported to have a moderate to high Kuder-Richardson reliability coefficient (> 80) that 
suggests good internal consistency (228). 
The assessment of reading and arithmetic skills restricts the conclusions to only these 
factors. Therefore, the associations of cardiorespiratory fitness, motor performance, 
physical activity, and sedentary behavior with other skills such as writing and achievement 
in school subjects remains to be determined in Finnish primary school children in Grades 
1–3.  
 
6.1.9 Assessment of confounding factors 
The assessment of risk for reading disabilities was based on children´s own performance in 
tests that have been shown to predict reading skills as well as parental self-reports of 
reading difficulties to obtain possible inherited risk for reading disabilities. These tests have 
been suggested by the meta-analyses and dyslexia follow-up studies indicating their 
importance for the development of reading skills (207). Sexual maturation related to 
puberty was assessed during medical examination using procedures described by Tanner 
(206), which are widely used in research and clinical practice. There may be large 
individual variation in biological maturation among prepubertal children examined in the 
present study. Therefore, current height as a percentage of the predicted adult height was 
used as an alternative measure of maturation. The formula included self-reported height of 
the mother and father, which is a source of measurement error. However, there is evidence 
that height is systematically overestimated so the error in the estimation of height may not 
be a major problem (229). It would be also optimal to use standard radiographs to assess 
children´s skeletal age, a gold standard method for assessing young children´s biological 
maturity (66).   
 
 
6.2 PHYSICAL ACTIVITY, SEDENTARY BEHAVIOR, PHYSICAL 
PERFORMANCE, ADIPOSITY, AND ACADEMIC ACHIEVEMENT 
The findings of the narrative review of earlier studies (Study I) showed that children with 
poorer cardiorespiratory fitness and motor performance have worse cognitive performance 
and poorer academic achievement than their peers with better cardiorespiratory fitness and 
motor performance. The results of Study II based on data from the PANIC Study and the 
First Steps Study confirmed that motor performance is associated with reading and 
arithmetic skills among children. However, the associations of motor performance with 
academic skills were stronger in boys than in girls. Moreover, cardiorespiratory fitness was 
not related to reading or arithmetic skills among children, which is inconsistent with the 
results of some earlier studies (Study I). Study III showed that higher levels of physical 
activity and especially physically active school transportation were related to better reading 
skills in boys, whereas physical activity had weak inverse associations with academic skills 
in girls. However, the relationship between physical activity and academic skills was 
modified by parental education in girls. More physically active girls from less-educated 
families had poorer academic skills than less active girls. In contrast, higher levels of 
physical activity among girls from better-educated families were related to better academic 
achievement. Study III also showed that physical activity during recess was associated 
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with improved academic achievement among children. In boys, more time spent in 
sedentary behavior related to academic skill was directly related to reading and arithmetic 
skills and more time spent using computer and playing video games was associated with 
better arithmetic skills. However, sedentary behaviors had weak if any associations with 
academic skills in girls. 
 Study IV showed inverse associations of adiposity with physical performance in tests 
that require moving body mass. Moreover, there were weak, yet statistically significant, 
inverse associations of body fat percentage with manual dexterity and static balance. 
Notably, cardiorespiratory fitness, as expressed by maximal workload adjusted for lean 
body mass, had an inverse association with body fat percentage in boys but no such 
association was found in girls.   
 
 
6.3 THE INTERWOVEN RELATIONSHIPS BETWEEN PHYSICAL ACTIVITY, 
PHYSICAL PERFORMANCE, COGNITION, AND ACADEMIC ACHIEVEMENT 
IN CHILDREN 
Studies I and II demonstrated strong direct relationships of motor performance to 
cognition and academic achievement. However, in Study II, the associations between 
motor performance and academic skills were evident in boys, while the corresponding 
associations were weaker in girls. These results are consistent with the results showing  
tightly-interwoven associations between motor and cognitive development and with the 
results showing that many brain areas are involved in both motor control and cognitive 
processes (139). Moreover, Study II is one of the first studies showing the direct 
associations of motor performance with academic achievement independent of 
cardiorespiratory fitness and adiposity.  
The development of motor performance is partly regulated by genetic factors (66). 
However, physical activity and informal active play form the foundation for the normal 
development of motor performance during childhood (68–71). Stodden et al. (71) provided 
a model suggesting that the link between motor performance and physical activity is 
bidirectional and depends on age. Good motor performance during infancy and early 
childhood enables engagement in various physical activity including walking, running and 
climbing; afterwards, practice due to physical activity refines and improves motor 
performance. Thus, the relationship linking motor performance to cognition and 
subsequent academic achievement may have its origin in early childhood. Iverson (140) 
suggested that the development of motor performance enables the infant to engage in 
various postures and activities providing opportunities to interact with the environment 
(other people, objects, etc.) and rehearse language and cognitive skills.  
Motor performance may reflect adaptation to chronic physical activity (68–71). Physical 
activity and especially aerobic exercise have been linked to increased peripheral BDNF 
concentration, which has been associated with synaptic plasticity, learning, and memory 
(161,162,164). Moreover, some evidence suggests that motor training without pronounced 
cardiorespiratory stimulus also increases circulating BDNF concentration and may thereby 
improve cognitive functions (171). The latter observation is notable, because children do not 
naturally engage in long-term aerobic exercise but rather high-intensity intermittent activity 
bouts accompanied by motorically-challenging tasks (23,24,230). In any case, physical 
activity itself may be goal-oriented activity and require cooperation, planning, and 
adapting behavior and thus, improving cognitive functions (97). Activities, such as games 
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and active play, also involve complex, controlled, and adaptive movements and activate 
prefrontal circuits that may improve inhibitory control and working memory (97). Brain 
areas such as the cerebellum, basal ganglia, and the dorsolateral prefrontal cortex are 
involved in motor control and motor learning, are also important for cognition (97,139). 
Complex movements cause formation of new neurons or neurogenesis in the hippocampus, 
the cerebellum, and cerebral cortex (97). The combination of higher-intensity aerobic 
exercise and coordinative exercises may have stronger effects on brain structure and 
function than either may have independently (184). In school-age children, poor motor 
performance has been associated with worse peer relations (231), which may partly mediate 
the associations of motor performance with academic achievement. Thus, it is possible and 
plausible that not only brain changes related to physical activity but also psychosocial 
factors associated with physical activity and motor performance improve cognitive 
functions and academic achievement in children.  
Study III suggested that physical activities during recess and sports team participation 
are beneficial for reading and arithmetic skills. It is the first study on the associations of 
recess physical activity with measures of academic achievement among children. Previous 
studies have shown an improvement in attention, concentration, and on-task behavior after 
recess physical activity among children (114,232). These changes in cognitive function and 
classroom behavior may explain the associations of recess physical activity with academic 
achievement in the present study. The associations of sports team participation and 
academic achievement have been reported in previous studies (233). Sport team 
participation may have even stronger associations with prerequisites of learning than total 
physical activity (234). The association of sports participation with academic achievement 
may be partly explained by the enhanced brain structures and functions caused by 
increased circulating BDNF, IFG-1, and VEGF concentration (161). Finally, the associations 
of recess physical activity and sports participation with academic achievement may be 
mediated by psychosocial factors such as social competence or self-regulation (235,236).  
The results of Study III showed that physical activity relates differently to reading and 
arithmetic skills in the first three school years of boys and girls. These results are surprising, 
because it is generally believed that physical activity has beneficial effects on cognition and 
academic achievement regardless of sex (96,105,175). Moreover, one study showed that 
physical activity had stronger associations with academic achievement in female 
adolescents than male adolescents (115). It is not known why the associations of physical 
activity with academic achievement were direct in boys whereas the corresponding 
associations were inverse in girls. However, it could be that physical activity plays a larger 
role in boys´ lives as they are more physically active than girls (36,237). Boys´ physical 
activity may be more cognitively challenging in nature, such as tag and team games than 
physical activity among girls (230). The findings of the Study III also suggest that the 
associations of physical activity with academic achievement are largely modified by 
adiposity in girls. In boys, the associations between total physical activity and academic 
achievement disappeared when physical performance and adiposity were taken into 
account. Boys with better physical performance and lower levels of adiposity may be more 
physically active than other boys. According to these results, physical activity, physical 
performance, and adiposity appear to have multidimensional and complex associations 
with academic achievement in children. The results of Study III also suggest that higher 
levels of physically active school transportation are largely independently associated with 
better academic achievement in boys. These results are unique because no previous studies 
have investigated the associations of physically active school transportation with measures 
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of academic achievement. However, Martinez-Gomez et al. (112) showed that active 
commuting to and from school was related to better verbal, numeric, and reasoning ability 
as well as better overall cognitive performance in female adolescents but not in male 
adolescents. One mechanism explaining these results may be that physically active school 
transportation reduces perceived and cardiovascular stress reactions during a cognitive 
task (238). Another explanation may be that acute physical activity before academic lessons 
in school improves attention and concentration as well as time in-task during these lessons 
(232).   
The results of Study III also suggest that parental education, a proxy for socioeconomic 
status, modified the associations of physical activity with academic achievement in girls. 
Among girls of parents with less than university degree physical activity was inversely 
associated with reading skills, whereas the opposite was found among girls of parents with 
university degrees. This was also surprising, because the evidence suggests that physical 
activity also has beneficial effects on cognition and academic achievement among lower 
socioeconomic groups (239). Some of these differences may be related to sociocultural 
factors and school systems. Finland has a high-quality, free, and equal educational system 
as well as high achievement in the Programme for International Student Assessment tests 
(240). The school system provides equal opportunities for education for all children 
regardless of socioeconomic status. Peer attitudes, parental beliefs, and guidance may thus 
have a pronounced role in these associations. Better-educated parents may promote both 
the physical activity engagement of their children and their academic achievement by 
reading with them and helping with their homework. In contrast, although merely 
speculative, girls of lesser-educated parents may emphasize academic development over 
the physical activity participation.  
 
6.3.1 Cardiorespiratory fitness, cognition, and academic achievement: Seeking meaning 
in measurements 
The associations of cardiorespiratory fitness with cognition and academic achievement 
were investigated in Studies I and II. In contrast to most prior studies as detailed in Study 
I, cardiorespiratory fitness was not related to academic achievement in Study II.  
One explanation for not finding such a relationship may be that cardiorespiratory fitness 
assessed by cycle ergometer is not sensitive to differences in academic achievement in 
children. There are studies showing that cardiorespiratory fitness assessed by treadmill 
tests and endurance performance assessed by the 1.6-mile running test or the 20-meter 
shuttle run test are directly related to cognition and academic achievement 
(134,135,142,146,241). In contrast, other studies have found only weak if any associations of 
cardiorespiratory fitness assessed using cycle ergometer with cognition and academic 
achievement (115,146,148,150,242,243). Cycle ergometer is an optimal way to measure 
mechanical efficiency whereas measuring efficiency and movement economy is hard to 
assess in other activities. Inter-individual differences in oxygen consumption during 
walking or running do not necessarily reflect differences in mechanical efficiency at the 
cellular level, but rather differences in economy of locomotion (244).  
Cycle ergometer tests have also been found to be relatively free of motor competence 
(213). Chia et al. (215) demonstrated that children with developmental coordination 
disorder operated at a higher heart rate and at a higher percentage of their VO2peak than 
normally-developing children at any given treadmill speed. Moreover, children with 
developmental coordination disorder had also higher blood lactate levels than normally-
developing children (215).  
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Running test performance is affected by motor performance and                                                                                                
thus running efficiency and a number of factors such as anaerobic capacity, VO2 kinetics, 
maximal running speed, environmental conditions, test familiarization, attention spans, 
self-efficacy, and motivation have all been shown to contribute to physical performance in 
field-based tests (47,55). One of the important confounding factors in the associations of 
cardiorespiratory fitness with cognition and academic achievement is adiposity, which 
affects not only on the interpretation of VO2peak but also the aforementioned confounding 
factors, especially motor performance and movement economy. The common scaling of 
VO2peak using body mass (i.e. expressing it as mL·kg-1·min-1) is affected by body mass 
(23,47,57). In addition, VO2peak/max explains only a small part of performance in field-based 
tests. For example, Rowland and associates (54) demonstrated that VO2max (mL·kg-1·min-1) 
explained 28% of variances in 1.6km  run test time while body fat accounted for 31%.  
The consideration of factors other than cardiorespiratory fitness is of importance because 
a number of factors that influence cardiorespiratory fitness test performance have been 
associated with cognition and academic achievement. Of these, motor performance and 
adiposity have strong associations with cognition and academic achievement (139,245,246). 
Accordingly, the current evidence suggests that VO2peak/max is not the only or even the most 
important factor contributing to cognitive function and academic achievement in children. 
Rather, overall physical performance, including motor coordination, optimal fat mass, and 
adequate cardiopulmonary function may be the strongest combination for improving 
cognitive function and academic achievement in children. 
 
6.3.2 Adiposity and physical performance: Their interrelationships and relevance for 
academic achievement 
Study IV was one of the first studies on the associations of body fat percentage assessed by 
DXA with cardiorespiratory fitness and neuromuscular performance. The results of the 
study suggest that body adiposity hampers performance in tests that require supporting 
and moving body mass and in manual dexterity and balance tests. There were particularly 
strong inverse associations of body fat percentage with a 15-meter sprint run and standing 
long jump performance but somewhat weaker associations of body fat percentage with a 
50-meter shuttle run and number of sit-ups.  
Earlier studies have shown a decreased endurance performance assessed by field tests, 
such as 20-meter endurance shuttle run and 1.6-mile distance run tests, with increasing BMI 
in children and adolescents (51,53). However, these differences are largely dependent on 
the differences in fat mass and not stroke volume or cardiac output (23,51). To avoid 
confounding due to adiposity, measures of cardiorespiratory fitness divided by lean body 
mass have been suggested as a gold standard for measuring cardiorespiratory fitness, 
because the amount of lean mass is close to that of the skeletal muscle that is the 
metabolically active tissue during exercise (23). Accordingly, Ekelund et al. (58) found no 
differences in VO2max scaled by lean body mass between normal weight and obese 
adolescents. However, Study IV was one of the first studies investigating the relationship 
between body fat percentage assessed by DXA and cardiorespiratory fitness among 
children. Body fat percentage had a weak inverse association with maximal workload using 
continuous variables after adjustment for lean body mass. Additionally, boys with a body 
fat of ≥25% had a much lower lean mass adjusted maximal workload than boys with a body 
fat of <10%. Nevertheless, differences between boys with lower and higher levels of 
adiposity were explained by physical activity. One reason for this finding may be that 
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children with a higher body fat percentage do not engage in the higher-intensity physical 
activity that has been observed to improve cardiorespiratory fitness in children (65).   
These results have also implications to the results of Studies I, II, and III. The results 
reviewed in Study I showed that motor performance was directly related to inhibition, 
short-term memory, and academic achievement. Among the research reviewed in Study I, 
there was no systematic evaluation of the effects of adiposity on these associations. Thus, it 
is possible that children with higher adiposity had worse motor performance than leaner 
children. In Study II worse motor performance in Grade 1 was related to poorer reading 
and arithmetic skills in Grades 1–3 independent of adiposity. However, it is possible that 
academic achievement in subsequent years is not only associated with motor performance 
but also physical activity and adiposity. For example, Kantomaa and associates (148) found 
that motor problems at the age of eight were related to lower levels of physical activity and 
a higher incidence of obesity at the age of 16. Moreover, adolescents with lower levels of 
physical activity and who were obese had also poorer academic achievement than more 
physically active and normal-weight adolescents. Accordingly, the relationships between 
adiposity, motor performance, physical activity, and academic achievement are 
multifaceted and complicated and need more research in cross-sectional and longitudinal 
settings. Whereas better motor performance may drive for higher levels of physical activity 
and lower levels of body adiposity, higher levels of body adiposity may decrease the levels 
of physical activity and thereby hamper the development of motor performance (71). The 
earlier this circle begins, the higher the possibility is that it will affect cognitive 
development. Obese children will not move and explore their environments as much as 
leaner children and may therefore have delays in physical and psychological development 
(140).  
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7 Conclusions 
Based on the results of Studies I and II it can be concluded that better motor performance 
is associated with better cognitive functions and academic achievement in children. In 
addition, Study I´s narrative review provides some evidence that better cardiorespiratory 
fitness is beneficial for cognition and academic achievement. However, Study II did not 
confirm these findings. Study III suggests that higher levels of physical activity during 
recess are related to better reading skills and any sports engagement is associated with 
better arithmetic skills in children. Furthermore, the results of Study III suggest that the 
associations of physical activity and sedentary behavior with academic achievement are 
different in boys than in girls with more physical activity improving academic achievement 
in boys, whereas the associations seems to be more complicated in girls. Moreover, 
sedentary behavior related to academic skills was associated with better reading and 
arithmetic skills, particularly in boys. Computer use and video game playing was also 
directly related to arithmetic skills in boys. However, the associations between physical 
activity and academic achievement may partly be explained by adiposity, cardiorespiratory 
fitness, and motor performance. The results of Study IV suggest that adiposity decreases 
physical performance in tests requiring moving and supporting body mass. These results 
also suggest that body fat percentage decreases manual dexterity and balance in children. 
The results of Study IV further suggest that body fat percentage is inversely associated 
with cardiorespiratory fitness in boys but that the association is not completely 
independent of physical activity.  
In summary, the findings of this thesis suggest that children with a higher motor 
competence have better cognitive performance and academic achievement compared with 
children with lower motor competence. Although motor performance should be seen as a 
product of chronic physical activity engagement, measures of physical activity and motor 
performance may have independent cross-sectional associations with academic 
achievement. Moreover, increased body adiposity appears to be related to worsened 
neuromuscular and motor performance and may have long-term adverse health and 
academic consequences in children.  
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8 Implications and future directions  
The results of this study show that better physical performance, physical activity and 
certain sedentary behaviors are associated with better academic achievement particularly in 
boys. These results highlight the need for appropriate physical activity and adequate motor 
performance to improve academic achievement in children. Moreover, ways to increase 
recess physical activity should be investigated and promoted (237).  In addition, children 
with poor motor competence in Grade 1 should be followed and interventions to improve 
motor performance and reading and arithmetic skills should be started whenever 
necessary.  
The results of this study suggest that the relationships of physical activity, sedentary 
behavior, cardiorespiratory fitness, and motor performance with academic achievement in 
children are multidimensional and can never be fully separated. Thus, there is a need for 
investigations that explore possible interactions of these constructs in relation to cognition 
and academic achievement in children. Moreover, there is a lack of knowledge of possible 
mediators for these associations. In future studies it is important to investigate plausible 
biological and psychosocial mechanisms that could explain the associations of physical 
activity, cardiorespiratory fitness, motor performance, and adiposity with cognition and 
academic achievement. Further studies on the sex-differences on the associations of 
physical activity, physical performance, and adiposity with cognition and academic 
achievement are required. More research on the associations of cardiorespiratory fitness 
and endurance performance with cognition and academic achievement, assessed by a 
variety of different ergometers and field tests with adequate scaling, to get a full picture of 
the determinants of brain functions. In addition, interventions with different settings and 
cohort studies are amply warranted. 
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